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59Co nuclear spin lattice relaxation has been measured for the heavy-fermion superconductor
CeColns in a range of applied fields directed parallel to the c-axis. An enhanced normal state
relaxation rate, observed at low temperatures and fields just above Hc2(0), is taken as a direct
measure of the dynamical susceptibility and provides microscopic evidence for an antiferromagnetic
instability. The results are well-described using the self-consistent renormalized theory for two-
dimensional antiferromagnetic spin fluctuations, and parameters obtained in the analysis are applied
to previously reported specific heat and thermal expansion data with good agreement.
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Among heavy-fermion systems, there is a growing
number of examples of the emergence of unconventional
superconductivity near a magnetic-nonmagnetic bound-
ary tuned toward a zero temperature (quantum) crit-
ical point (QCP), raising the possibility of a connec-
tion between these phenomena [1]. In particular, the
CeTIn; (T'=Co, Rh, Ir) materials, the so-called Cell5
family, have served as instructive examples by motivat-
ing the need to understand phenomena around an anti-
ferromagnetic (AFM) QCP, including the observation of
non-Fermi liquid (NFL) behavior, and their relationship
to superconductivity [2]. CeColns is a d-wave heavy-
fermion superconductor with 7, = 2.3 K [3], and is
thought to be located at the slightly positive pressure
side of an AFM QCP at zero magnetic field [4]. Indeed,
slight Cd-substitutions for In, which act as a negative
chemical pressure in CeColns, induces long-range AFM
order [5]. Onme of the several intriguing properties of
CeColng is the discovery of the “Q phase” at low temper-
atures just below the first-order upper critical field H .o
boundary in the a-b plane [6, 7]. Though possibly reflect-
ing the emergence of a Fulde-Ferrell-Larkin-Ovchinnikov
(FFLO) state [6], the “Q phase” supports incommensu-
rate spin density wave order that coexists spatially with
superconductivity [8].

Another important finding is a possible QCP induced
by a magnetic field applied along tetragonal c-axis. Al-
though several phase diagrams have been proposed on
the basis of resistivity [9-12], specific heat [13], linear
thermal expansion [14], and volume thermal expansion
[15] measurements, a common feature of these proposals
is that an extrapolation of the normal-state boundary
between Fermi-liquid (FL) and NFL behaviors to T — 0
intersects the field axis near Heo(T — 0) = 49.5 kOe.
The cyclotron mass, determined by de Haas-van Alphen
experiments, also is enhanced at H.2(0) [16]. Because
these macroscopic physical properties do not probe spin-
dynamics directly, the relationship of the field-induced

critical behavior to magnetic fluctuations has not been
established. In the case that there is an association with
spin dynamics, nuclear magnetic resonance (NMR) re-
laxation provides a direct probe of their role as a con-
sequence of the hyperfine coupling. In this Letter, we
report on the (Hy, T)-dependences of the nuclear relax-
ation rate (1/71) and Knight shift (K) for *Co in the
normal state of CeColns. A critical increase of 1/T} for
%Co NMR is observed at fields Hy ~ H.(0), for Hy | c.
As will be shown, 1/T7(Hy, T') can be understood con-
sistently as arising from 2D-AFM spin-fluctuations (SF),
and provide microscopic evidence for a 2D-AFM insta-
bility near H.5(0).

A plate-like single crystal (~ 2 x 1 x 0.3 mm3) of
CeColng was used for 59Co NMR measurements. Align-
ment of the crystal relative to the applied field Hy was
checked by nuclear quadrupole splittings of the °Co (nu-
clear spin 7/2) NMR spectrum. Measurements of K
and 1/T; were performed by scanning temperature, us-
ing the central transition (1/2 <» —1/2) under several
applied fields above H.2(0). CeColns has a tetragonal
(HoCoGas-type) layered structure, which can be thought
of as layers of Celng separated by layers of Colns along
the ¢ axis. Crystallographically, the Co sites are unique
in this structure.

The temperature dependences of (T37)~! and K for
%9Co NMR are shown in Fig. 1. There is a very promi-
nent low-temperature enhancement of (717) ! along the
c axis near H.2(0), although the corresponding increase of
K along ¢ is not observed near H.(0). This enhancement
of (Th'T)~! suggests strong AFM SF, of which quantita-
tive analyses provide an insight into the criticality near
H.2(0), as presented later. At all fields, (737)~! mono-
tonically increases on cooling over the temperature range,
T < 100 K. At the lowest temperatures, (T17)~! crosses
over to a saturation regime, with the crossover increasing
in temperature at higher fields. In the case of Hy = 50
kOe, which is nearest to H.2(0), the saturation is only
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FIG. 1. (I1T)™" for ®*Co NMR at several fields along the c-
axis of CeColns. The broken lines are the data under Hy = 50
kOe along the a axis. The results for 11 kOe along the ¢ axis
are taken from Ref. [17]. The inset shows the temperature
dependence of Knight shifts (K) for *?Co NMR at several
fields along the c-axis of CeColns.

seen below ~150 mK. The saturated behavior in K and
(TWT)~! is consistent with the FL behavior as observed
in the macroscopic physical quantities. A tiny increase
of K. with approaching field to H.o(0) is seen below ~1
K, which comes from a small increase of spin polarization
given by the magnetization along the ¢ axis [7].

In order to extract quantitative information, as well
as a context for comparing to previously reported mea-
surements, we analyze the data within the framework of
the spin fluctuation theory. For that purpose, we assume
a single dynamical susceptibility is relevant near to the
QCP. Then, (T1T)~! is written as

I ,wo)
(H AL Zfl L;MJ
(1)

where v, and 7, are the nuclear and electronic gyromag-
netic ratios, A; is the transferred hyperfine coupling con-
stant, f;(q) is the hyperfine form factor, Imy;(q,wo) is
the imaginary part of the dynamical susceptibility, wg is
the nuclear Larmor frequency and the suffix 1 refers to
the component perpendicular to the quantization axis.
The hyperfine coupling constants are obtained from the
relationship K; = A;xq,c+Ko.i, with Ky ; independent of
temperature. Values of A; and K ; were reported previ-
ously [18]. The form factor f2(q) = 4 cos®(g.c/2) for the
Co site and has no anisotropy with respect to the a and
c axes. Therefore, f2(q) does not affect the sensitivity to
strictly two dimensional (2D) AFM SF.

First, let us consider a mean-field approximation.
Within a random-phase approximation (RPA), the

(WT) ™" =

dynamical susceptibility for weakly correlated quasi-
particles can be simplified as xyrpa (q,w) = xo(q,w)/{1—
agqlxo(g,w)/xo0(Q,w)]}, where xo(q,w) is the dynamical
susceptibility of noninteracting quasi-particles and a4 is
an enhancement factor. xo(g,w) gives the well-known
Korringa relation TYT' K2 = (h/47kg)(Ye/)? = S, with
K, being the spin part of K. Using Ky o< (1 — aq)7 1,
the modified Korringa relation for xgpa (g, w) is obtained
as T'TK? = nSK (agq)™!, with K(agq) = (1 — ag)*(1 —
aq{x0(q)/x0(0)})~2 where n = 2 is the number of near-
est magnetic atoms, and (- - -) means an average over the
Fermi surface [19]. To deduce the 4f electronic com-
ponent, non-interactive electronic and lattice terms are
subtracted by the value of (T3T)~! for LaColns [17].
Since (TyT) ™! responds to the perpendicular component
of SF from Eq. (1), the respective dynamical suscepti-
bility of in-plane and out-of-plane can be obtained by
a geometrical decomposition of (737)~! along a and
¢ axes. Namely, the in-plane and out-of-plane com-
ponents of (T3T)~! are obtained from (717);'/2 and
(WT); ' — (TyT); 1 /2, respectively. K is estimated by
subtracting Ko ; [18]. At 50 kOe, from this modified Kor-
ringa relation, the in-plane component of K (ay) is found
to increase rapidly as T — 0, and much larger than 1
at the lowest temperature. The out-of-plane component
of K(cyq) is found to be nearly T-independent and close
to 1. K(ag) > 1 for the in-plane component indicates
AFM correlations at the lowest temperatures. The ob-
servations are consistent with easy-plane AFM SF in the
low temperatures. Here, the important finding from RPA
is a remarkable T-dependence of in-plane x(Q). In addi-
tion, an unusual Hyp-dependence of in-plane x(Q) is also
indicated as well by (T17).! shown in Fig. 1.

In order to treat x(Q) at finite temperature, couplings
among the g-modes of SF should be considered in a
self-consistent fashion, beyond RPA, considering a spe-
cific g-mode only. In such a framework, the dynamical
susceptibility can be treated quantitatively by the self-
consistent renormalization (SCR) theory [20-22], which
has been applied successfully to characterize the nature
of SF in many heavy-fermion materials [23, 24]. In the
SCR model, the dynamical susceptibility is characterized
by two energy scales, Ty and T4, which correspond to the
magnetic fluctuation energy in w- and ¢- spaces, respec-
tively. The ¢ dependence of the effective RKKY inter-
action Jg is expressed as Jg — Joiq = 2Ta(lq|/|as])?
around the AFM wave vector @, where gp is the zone-
boundary vector. We consider the in-plane SF only
in the SCR scheme, using the dimensionless inverse
static susceptibility y = (2Tax(Q))~!. Here, the out-
of-plane component is assumed to be negligibly small
due to a weak correlation between planes. The dynami-
cal susceptibility in the 2D-AFM case can be written as
2Tax(Q + ¢,w))~" =y + (¢/qp)* — iw/(27Ty). Then,
the self-consistent equation for y is given using two more
parameters yo = (2T4x(Q,0))"! and y; = 2Jg/(7*Tx)
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FIG. 2. Field dependence of (a) yo, (b) y1, (¢) To and Ta
obtained from the SCR. analysis of **Co NMR and the spe-
cific heat for CeColns in the case of Hp || ¢. The schematic
phase diagram for CeColns is superimposed in the top-left
panel, where a field-induced (H-I) phase is apparent just be-
low Hc2(0) [6]. To show the fitting results, the data and
fitted curves for (d) the normalized nuclear relaxation rates
(ThT)™ " by (v, A)* which are subtracted by the values for
LaColns [17], and (e) the magnetic specific heat C', /T under
several fields along c axis. The data for specific heat are taken
from Ref. [13]. (f) The linear thermal expansion coefficient
a, from Ref. [14], and SCR curves drawn by using the same
parameters obtained from NMR data at 50 kOe and 80 kOe.

by

y:y0+y1/ x[lnu—i_w(u)}dx, (2)
0 2u
with u = (y + 2?)/t and t = T/T,, where 9(u) is the
digamma function and x. is the reduced cutoff wave vec-
tor of order unity. Here, yo is a measure of proxim-
ity to the QCP, yg = 0 defining the QCP, and y; re-
flects the strength of dispersion of the effective RKKY
exchange interaction Jg. To deduce the four parame-
ters To, T, yo and y1, 1/77 and the reported specific
heat have been fitted to simulations based on y calcu-
lated self-consistently from Eq. (2). (T37T).! normalized
by (vnA4)? and magnetic specific heat Cy, /T can be cal-
culated from (2rTaToy) "t and (27p) ' In(1+ 1/y)(T <
Tp), respectively. Thus, 1/T} directly measures the tem-
perature dependence of x(Q) = (2Tay(T))~!. Note that
the observed logarithmic T-behavior of Cy, /T in the low
temperature cannot be explained by a three-dimensional
(3D) AFM SCR scheme, in which it is proportional to
(a — bV/T) with constants a and b.

The magnetic specific heat C,,/T has been analyzed
previously using a similar 2D SCR model [13], but pa-
rameters from that analysis cannot reproduce the NMR

1/T1, as shown by the broken curve using the reported
parameters for 50 kOe in Fig. 2(d). It is noted that the
previous value of Ty = 0.4 K is beyond the applicable
T-range, which should be T' <« Ty. Therefore, we have
fit those data again to the SCR model using an order
of magnitude larger Ty ~ 10 K. The fitting results are
shown in Fig. 2(d) and (e). The obtained SCR parame-
ters are plotted against magnetic field in Fig. 2(a), (b),
and (c¢). Tp and T4 for CeColns are about 40 K and 10 K,
respectively, and show no clear field dependence. y; is 6
for 100 kOe, 14 for 64 kOe, and 18 for 50 kOe, a field de-
pendence that may be related to a slight increase of DOS
reflected in K. These values of Ty, T4, and y; are sim-
ilar to those of other Ce-based heavy-fermion materials
CeRuaSis and CeCus gAug 1 [23]. Due to the uncertainty
introduced by a large nuclear Schottky contribution at
high fields, the values of these parameters deduced from
C /T differ slightly from NMR values; nevertheless,
values obtained from the 2D-AFM SCR model fit to both
NMR-1/Ty and Cy, /T approaches zero near Hcs(0).

In order to confirm the validity of these SCR pa-
rameters, the T-dependence of the linear thermal ex-
pansion coefficient o = L~'dL/dT has been calculated
using the same parameters obtained from fits to NMR
data. The thermal expansion coefficient is proportional
to To(dy/dT)/(y1Ta) [24]. The simulated curves for 50
kOe and 80 kOe are shown in Fig. 2(f). Again, these
are not fits but are calculations scaled to the experimen-
tal data [14]. This good reproduction of the experimen-
tal data attests to the applicability of the 2D-AFM SCR
model in CeColns. Moreover, because the sharp decrease
of a below ~0.3 K for 80 kOe can be explained within the
2D-AFM scheme, there is no need to postulate a dimen-
sional crossover from 3D to 2D [14]. A possible dimen-
sional crossover also is excluded in recent measurement
of volume thermal expansion [15]. Collectively, these re-
sults show that, as Hy approaches H.2(0) from above, the
distance from the QCP (yo) becomes increasingly small
(yo = 0.04 for 80 kOe, 0.022 for 64 kOe) and is nearly
zero yo = 0.008 (but still finite) at 50 kQOe.

The SCR model also provides an estimate of the in-
plane spin correlation length £/a, which can be calcu-
lated in units of the in-plane lattice parameter a from
(v/Amy)~t. As shown in Fig. 3(a), £/a at 50 kOe is >3 at
the lowest T, while it is only ~1.4 at 80 kOe. In CeRhlIns,
¢/a is estimated to be ~5 just above the Néel tempera-
ture Ty = 3.8 K [25]. Similarly, Cd-doped CeColns in-
duces long-range AFM order where £/a ~ 4 [26]. There-
fore, £/a at 50 kOe, Fig. 3(a), indicates that CeColns
is on the threshold of a long-range AFM ordering just
near Hqo(T — 0). Our estimate is close to the zero-field
value of {/a ~2.1 extracted from inelastic neutron scat-
tering (INS) experiments [27]. We note that a quasi-2D
nature of SF is confirmed by the out-of-plane compo-
nent of &./¢ ~ 0.87 from INS, i.e., & /¢ = 2.4/(c/a)
with the lattice anisotropy of ¢/a ~ 1.6 in CeColns. Pa-
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FIG. 3. Temperature dependence of (a) magnetic correlation
length £/a and (b) spin fluctuation energy I'q derived from an
SCR analysis of CeColns at 50 kOe, 64 kOe, and 80 kOe. The
broken line in (a) indicates an estimate from inelastic neutron
scattering (INS) at zero field. The closed circles in (b) are I’
at Q = (1/2,1/2,1/2) obtained by INS at zero field. These
data are divided by v/3 to compare the in-plane component.

rameters derived from fits to the SCR model also give
the characteristic spin fluctuation energy I'g, computed
from 27Tyy. As seen in Fig. 3(b), this I'g agrees well
with that obtained from INS [27]. Though I'g shows no
apparent field dependence above ~2 K, the energy scale
of magnetic excitations decreases below ~2 K as Hy ap-
proaches H.(0). Therefore, our results provide evidence
for an energy scale of low-lying magnetic excitations that
is ~1 K in CeColns and that a magnetic field finely tunes
this scale to order ~0.1 K.

In conclusion, we have demonstrated from microscopic
measurements that the field-induced QCP in CeColns,
for Hy || ¢, exists and that the driving force for this QCP
is quasi-2D-AFM SF. Although these experiments are un-
able to determine if the QCP is located exactly at H.2(0),
they are consistent with resistivity [12] and volume ther-
mal expansion experiments [15] that locate the QCP just
below H¢z(0). The relationship of this QCP to the field-
induced “H-I phase” (“Q phase”) for Hy || a remains
an open question. At a minimum, a microscopic under-
standing of the “H-I phase” will need the presupposition
of the existence of quasi-2D-AFM QCP, as considered in
some theoretical models [28].
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