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We present NMR data in the normal and superconducting states of CeColns for fields close to H,,(0) =
11.8 T in the ab plane. Recent experiments identified a first-order transition from the normal to
superconducting state for H > 10.5 T, and a new thermodynamic phase below 290 mK within the
superconducting state. We find that the Knight shifts of the In(1), In(2), and the Co are discontinuous
across the first-order transition and the magnetic linewidths increase dramatically. The broadening differs
for the three sites, unlike the expectation for an Abrikosov vortex lattice, and suggests the presence of
static spin moments in the vortex cores. In the low-temperature and high-field phase, the broad NMR
lineshapes suggest ordered local moments, rather than a long-wavelength quasiparticle spin density

modulation expected for an FFLO phase.
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One of the most intriguing properties observed in Kondo
lattice systems is the emergence of unconventional super-
conductivity near a quantum critical point (QCP). By
varying some external parameter such as field or pressure,
an antiferromagnetic ground state can be tuned such that
the transition temperature goes to zero at the QCP. As the
tuning parameter increases past the QCP, conventional
Fermi-liquid behavior is recovered below a characteristic
temperature Tgp [1]. Superconductivity often emerges as
the ground state of the system for sufficiently low tem-
peratures in the vicinity of the QCP [2]. The heavy-fermion
superconductor CeColns exhibits many properties typical
of a Kondo lattice system at a QCP. In particular, Tg
appears to vanish at the superconducting critical field
H,,(T = 0) for fields along the c¢ axis, suggesting the
presence of a field-tuned QCP [3,4]. This interpretation
has remained contentious because the ordered state asso-
ciated with the QCP is superconductivity rather than
antiferromagnetism. One explanation is that an antiferro-
magnetic (AFM) phase is hidden within the superconduct-
ing phase diagram, which is the genitor of both the QCP
and non-Fermi-liquid behavior in the vicinity of H.,(0).
However, when the superconductivity is suppressed with
Sn doping, the QCP tracks H,(0), and no magnetic state
emerges in the phase diagram, whereas pressure separates
the QCP [5].

In fact, there is a field-induced state, which we will refer
to as the B phase, in the H-T phase diagram of CeColns
that exists just below H,(0). The order parameter of the B
phase could be either (1) a different symmetry of the
superconducting order parameter, (2) a field-induced mag-
netic phase, or (3) a Fulde-Ferrell-Larkin-Ovchinnikov
(FFLO) superconducting phase [6—9]. The normal to
superconducting transition in this system has a critical
point at (H, T) ~ (10.5 T, 0.75 K), separating a second to
first-order transition, and the B phase exists below a tem-
perature To(H) ~ 290 mK and is bounded by T.(H). NMR
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experiments suggest the presence of excess quasiparticles
associated with nodes in the superconducting FFLO wave
function [10-13]. However, recent NMR work by Mitrovié
et al. disagrees with the original study, casting doubt on the
interpretation of this ordered phase as an FFLO state [14].
In this Letter, we report detailed NMR spectra of all three
sites: the In(1), 13In(2), and *Co, in the normal and
superconducting phases. Our data agree with those of [14],
and by comparing our spectra at the three sites, we con-
clude that long-range order of local moments exists below
Ty. Therefore, the B phase is neither a different symmetry
of the superconducting order parameter, nor simply the
FFLO state, but rather a more complex field-induced mag-
netic state that may be responsible for the QCP point at
H 02(0)'

We also find evidence for field-induced magnetism in
the mixed state (A phase) between T, and T,. In this
temperature and field range, we find that the NMR
Knight shift is discontinuous across the first-order transi-
tion (T.(H) <750 mK), and the spectra undergo a dra-
matic magnetic broadening nearly 1 order of magnitude
larger than expected for orbital currents in a vortex lattice.
The broadening is different for the Co and In(1) sites,
suggesting that the origin of the magnetic broadening is a
distribution of hyperfine rather than orbital fields. A likely
source of hyperfine fields are quasistatic spin moments
within the vortex cores.

All of the NMR measurements were made on a single
crystal of CeColns mounted with H || a. The orientation
was verified to within ~1° by observing the resonance
frequencies of the quadrupolar satellites of the In(1)
(31 =9/2). The sample was mounted in the He-*He
mixture of a dilution refrigerator, and the tank circuit
was tuned by two fixed capacitors located close to the
coil. Spectra were obtained by summing several individual
spectra taken with low power at constant frequency inter-
vals [15]. The temperature was monitored by a ruthenium

© 2007 The American Physical Society


http://dx.doi.org/10.1103/PhysRevLett.98.036402

PRL 98, 036402 (2007)

PHYSICAL REVIEW LETTERS

week ending
19 JANUARY 2007

oxide resistor mounted close to the sample. Heating of the
sample was minimized by reducing the pulse power to
within less than 200 mW for less than 20 ws. The field
of the magnet was not independently calibrated, so the
Knight shift measurements were shifted so that the normal
state values extrapolated to those measured previously
[16].

Figure 1 shows spectra of the Co and In(1) at two dif-
ferent fields as a function of temperature [see dotted lines
in Fig. 3(a)]. The In(1) (—% - — %) transitions at
~114.7 MHz and ~118.5 MHz shift to lower frequency
discontinuously at 7,.. We have confirmed that the reso-
nances at ~114.3 and ~118.1 MHz for T < 200 mK are
indeed the In(1) by measuring several satellite transitions
that show similar shifts in the superconducting state. The
quadrupolar splitting between the Co and In(1) satellites
remains temperature independent, indicating that the dis-
continuity in the resonance frequency has a magnetic
origin, rather than a change in the charge configuration.
The absolute intensity of the spectra drops at T,, an in-
dication that the sample is superconducting as the rf pene-
tration is reduced. Figure 2 shows spectra of In(1) and
In(2);; (H parallel to the face of unit cell [16]) at 11.1 T.

Figure 3(b) shows the temperature dependence of the
In(1) Knight shift, K, as a function of temperature and
field. K, is determined from the first moment of the reso-
nance, and we have subtracted the temperature indepen-
dent orbital shift K, =0.13% to obtain the spin
contribution [16]. We find a discontinuous jump in K (T)
at T, in agreement with bulk measurements at these fields,
which reflects the discontinuity in the superconducting gap
at the first-order transition [7,17].

The spectra shown in Figs. 1 and 2 clearly show a
dramatic increase in the magnetic linewidths below T..
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FIG. 1 (color). NMR spectra of CeColns at 11.1 T (left) and at
11.485 T (right). The series of transitions at lower frequency are
the seven transitions of the *Co, and the resonance at higher
frequency is the (=3 —3) transition of the !'SIn(1). The light
blue shaded spectra are in the normal state, the green spectra are
within 20 mK of 7. (T,), the orange spectra are in the A phase,
and the purple spectra are in the B phase.

The linewidths of the Co and In(1) are shown as functions
of field and temperature in Fig. 4. The resonance frequency
in the superconducting state can be written as the sum of
three contributions: f(r) = 7y|H + 47M,(r) + AM,(r)],
where 7y is the gyromagnetic ratio of the n nucleus, A is
the hyperfine coupling, M, (r) is the orbital (spin) mag-
netization, and K, = AM,/H. There are two sources of
magnetic broadening: a spatial distribution of M, (r) or
M, (r). In type II superconductors, both are spatially dis-
tributed due to the vortex lattice, and hence the NMR
spectrum develops a characteristic line shape in the mixed
state (A phase), which is typically dominated by M,(r)
[18,19]. However, the broadening we observe occurs in the
A phase and changes little in the B phase. This result is
surprising, since a priori one would expect an extra broad-
ening due to M,(r) in the FFLO phase [20,21]. In fact, the
vortex contribution, M, (r), should be negligible at these
fields. The second moment of the Abrikosov vortex
lattice field distribution with a Ginzburg-Landau parameter
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FIG. 2 (color). NMR spectra of In(1) (—gH—%) and the
In(2) (—%H —%) transitions in CeColns at 11.1 T. Note that
the In(1) transition at 118.3 MHz in the normal state shifts down
in frequency discontinuously at 7, ~ 470 mK, whereas the
In(2) shifts up in frequency, as observed previously in lower
fields [16]. The broad double-peak structure between 117 and
119.5 MHz at 50 mK is the In(2); spectrum, and the solid line is
a simulation as discussed in the text. Inset: the spectrum at
11.485 T, showing the broadened In(2); central transition be-
tween 110 and 113 MHz.
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and second-order (@) transitions, from [17]. The solid lines are
guides to the eye. (b) The Knight shift of the In(1) at 11.8 T (O),
11.485 T (), 11.1 T (V¥), and 3.33 T (A, [16]).

k = A/¢é = 60 and orbital limiting field H%, = 35 T is
JOon = 12 Oe at these fields [17,22,23]. Convolving
this result with the intrinsic normal state linewidths
(/T ~ 20 Oe) gives a net change of ~3 Oe. Clearly, as
seen in Fig. 4, the magnetic broadening observed is much
too large to explain with a conventional Abrikosov vortex
lattice. Furthermore, the broadening at the Co site is nearly
twice that at the In(1) site. If the broadening mechanism
were from orbital supercurrents or spin-polarized quasi-
particles in the domain walls of the FFLO state, then the
response at the Co and In(1) would be identical. The only
way to understand our results is a distribution of M,(r) due
to local moments, which gives a different response for
different hyperfine couplings unique to each nuclear site.
We propose that this distribution of spin polarization
arises from magnetic order in the vortex cores, as has been
found in the high temperature superconductors [24,25].
Since the superconducting order parameter vanishes in
the cores, it is plausible that competing orders may be
stabilized [26]. CeColns becomes AFM with only a few
percent Cd doping, which indicates that this material lies
close to an AFM instability [27]. Indeed, recent neutron
measurements found an enhancement of the vortex lattice
form factor consistent with spins in the cores [28], and
magnetization measurements as a function of field reveal a
strong paramagenetic contribution even in the mixed state

of this material [17]. Such an effect has been observed in
other heavy-fermion materials and may be associated with
a paramagnetic response of local f moments in the vortex
cores [29].

Below T, the response of all three sites differs dramati-
cally. Figs. 1 and 2 show spectra of the In(1) and In(2); at
11.1 T. The In(1) and Co spectra change little across the
Ty~ 290 mK transition at 11.1 T, whereas the In(2);
signal disappears below T, and then reappears below
~100 mK with a broad double-peak structure over a range
of ~2.5 MHz. We have confirmed that this spectrum is the
In(2); by checking the response of a different satellite
transition (see Fig. 2 inset). Similar features were observed
in CeRhIns in the AFM state, where the In(1) lines re-
mained sharp while the In(2) spectra developed a broad
powder patternlike spectrum as a result of the incommen-
surate magnetic structure [30]. Such an effect cannot be
explained by a long-wavelength modulation of M,(r) as
expected in an FFLO state, or a change of the order
parameter symmetry. In either case, the wavelength of
the modulation should be on the order of either the coher-
ence length, &, or the Fermi wave vector mismatch,
1/lkp — kpyl. Both of these length scales exceed the
unit cell length, implying that the response of the Co,
In(1) and In(2) should be similar. If there were static order
of Ce moments, then because of their particular site sym-
metries, the Co and In(1) can remain relatively sharp
whereas the In(2) can experience large hyperfine fields
[31]. A possible magnetic structure that satisfies these
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requirements is Q = (7/a — 6, w/a, w/c), where 27/ 8 is
the wavelength of the incommensuration and the Ce spins
Sol|[H||a. In this case, the isotropic components of the
hyperfine field at the In(1) and Co sites vanish, but at the
In(2), the hyperfine field has components either parallel or
antiparallel to H. The solid line in Fig. 2 shows the ex-
pected line shape for a sinusoidal variation of H, with
magnitude 1.3 kOe, which has been convolved with a
Gaussian with width 100 kHz. We do not have independent
information to determine either & or Sy, since Hyy, * S(0.

A possible explanation for understanding these results is
that the field-induced magnetism in the vortex cores be-
comes correlated between the vortices below T. The iso-
structural compound CeRhlns exhibits field-induced
magnetism under pressure [32]. Comparison of the pres-
sure dependent phase diagrams of these two materials
suggests that CeColns is nearly identical to CeRhIns under
a pressure of 1.6—2.3 GPa, exactly in the vicinity of the
pressure where CeRhlIns exhibits field-induced magnetism
[33]. Furthermore, the H-T phase diagram of CeRhlns is
nearly identical to that of CeColns, except that in CeRhlns,
the field-induced magnetism persists above H,,(0),
whereas in CeColns, there is no sign of magnetism in the
normal state. We cannot rule out the existence of an FFLO
state, or whether the long-range magnetism coexists with
the FFLO order. Nevertheless, local moment magnetism
clearly competes with Kondo screening and with super-
conductivity, so magnetism may emerge naturally where
the superconductivity is suppressed within the vortex cores
or the nodal planes of the FFLO phase. This interpretation
offers a consistent explanation of the non-Fermi-liquid
behavior associated with the QCP at H,,(0), where the
observed field-induced magnetism apparently exists only
within the superconducting phase.
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