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Abstract 

Recent Nuclear Magnetic Resonance and elastic neutron scattering experiments have revealed conclusively the pres­
ence of static incommensurate magnetism in the field-induced B phase of CeCoIns, We analyze the NMR data 
assuming the hyperfine coupling to the 1n(2) nuclei is anisotropic and simulate the spectra for several different mag­
netic structures, The NMR data are consistent with ordered Ce moments along the [001] direction, but are relatively 
insensitive to the direction of the incommensurate wavevector. 
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1. Introduction 

The heavy fermion superconductor CeCoIns exhibits 
a rich spectrum of strongly correlated electron behavior. 
This unconventional d-wave superconductor exhibits 
non-Fermi liquid behavior associated witb proximity to 
a proposed quantum critical point, as well as a new ther­
modynamic pbase (B phase) that exists only within the 
superconducting phase near H c2 [I , 2]. Initially this B 
phase was identified as the elusive Fulde-Ferrell-Larkin­
Ovchinnikov (FFLO) superconducting pbase first pre­
dicte<i to exist in Pauli-limited superconductors over 40 
years ago [3, 4, 5, 6]. However, recent NMR work 
identified the presence of incommensurate anti ferro­
magnetic order in the B phase in contrast to the stan­
dard predictions for the FFLO phase [7, 8, 9]. Signa­
tures of magnetism were also seen in other NMR exper­
iments [10, 11]. Despite initial arguments to tbe con­
trary [12], recent neutron scattering results by Kenzel­
mann and coworkers now provide conclusive proof for 
long-range static incommensurate antiferromagnetic or­
der[13]. 

The original NMR work measured the spectrum of 
the In(2) sites and proposed a candidate magnetic struc­
ture in which both the ordered Ce moments and the 
incommensurate wavevector are parallel to the applied 
field (along [100]) . However, the neutron scattering ex­
periments found that when tbe field was applied along 
[110] the moments lie along [001] and tbe incommen­
Preprim submit/eli /0 PhysiC{/. C 

suration along [110]. Recently we have re-analyzed the 
NMR data and shown that by allowing for anisotropic 
hyperfine coupling between the Ce spins and the IISln 
nuclei, rather than simple isotropic coupling a~ origi­
nally assumed in [7], then the NMR spectra are fully 
consistent with moments along [001] [14]. Here, we 
show that by using hyperfine parameters consistent with 
experimental measurements of the Knight shift, we find 
quantitative agreement for the 1151n NMR spectra and 
put constraints on the incommensuration wave vector. 

2. Incommensurate Antiferromagnetism 

The incommensurate magnetic structure is given by 
S(r) = So cos[(Qo + Q j) . r] , where So is the ordered 
moment, with commensurate, Qo = (Tr/a,Tr/a , Tr /c ), and 
incommensurate, Qi = Tr / a(b x, by, 0), antiferromagnetic 
wave vectors. Kenzelmann et al. found bx = by = 0.12 
and So = 0.1S,uB along [00 l]. The ordered moments 
create a static field at the Il5 In and 59CO nuclear sites 
through the hyperfine coupling. This field cancels by 
symmetry at the 1n(l) and Co sites, but the NMR spec­
tra show a large hyperfiue field at the 1n(2a) site that is 
aligned either parallel or antiparallel to the applied field 
(along [100]). The byperfine coupling to the In(2a) site 
is given by 'H = L:iEnll j . lJl\ . S(R j ), where the sum is 
over the two nearest neighbor Ce spins (along [100]). 
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Figure l: (Color online) The unit cell of CeCo[ns . The Ce atoms 
(ydlow) sit at the e ight corners. The [n(l ) atoms si t in the center of 
thc top and Oottom faces (orange). The Co atoms ~rc grey and the 
111(2) atoms are green. For the field oriented in the ab plane, there 
are two incquivalent In(2) atoms, depending on whether the field is 
parallel, In(13), or perpendicular, 1n(2b), to the unit cell face. 

The coupling tensor is given by lllI = BisoIT + lllIdip, 

lllIdip = (1) 

[ j(t - 3 ws 28,) 0 3 . 28 

1 
± '2 SIO z 

Bdip 0 -1 0 
±~ sin 2ez 0 ~(l + 3 cos 2ez) 

The constants Biso , Bdip and ez can be determined by fit~ 
to the Knight shift and are given by: Biso = Bdip = 7.1 
kOe/Jl.B and ez = 29° [14]. In the B phase, the static 
hyperfine field at the In(2a) site varies spatially with 

HhJ(2a) = SOBdip[3 Sin(2ez)COs(7T~.x)a 

+ (0- COS(2ez»Sin(7T~X»)Cl. (2) 

In order to make detailed comparisons with experi­
mental spectra, we have calculated the hyperfine field 
and the resonance frequency, f = rlHo + HhJI , where 
rHo Ii' [100] ~ 118.3 MHz, for several different val­
ues of Ox and Oy for a lattice of 100 x 100 unit cells . 
Representative cuts in real space are shown in Fig. 2. 
Spectra were determined by calculating the histogram 
of frequencies, shown in Fig. 3. As seen in Fig. 2, 
the hyperfine field at the 1o(2a) site has components ei­
ther parallel or antiparallel to the applied field leading 
to the broad double-peak spectra seen in Fig. 3. How­
ever, the size of the ordered moment measured by neu­
trons, So = 0.lSJl.8 implies a hyperfine field larger than 
observed by NMR. The NMR data are more consistent 
with an ordered moment of 0.07 Jl.B . Using Eq. 2 and the 
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Figure 2: (Color online) The static hyperfine field at the [n(2a) site 
along the [100] (blue), [010] (purple) and (OOlJ (brown) directions 
as a functi on of lattic.e position along [100] for So = 0.15118 and 
8x = 8, = 0.121, with lattice parameter a, respectively. The solid 
lines show the modulation of the staggered magnetization (Eq. 2). 

measured value of the modulus of the hyperfine field 
of 1.3 kOe, we find that the ordered moment and in­
commensuration are related by Ox = Oxa cos-l(s g/ So), 
where O.xa = 0.64 and S~ = 0.07 Jl.B (shown in Fig. 3(0). 

As seen in Fig. 3(a) - 3(e), the measured spectra 
is relatively insensitive to the direction of the incom­
mensurate wavevector Qi. Subtle changes in the calcu­
lated spectra arise because of the component of Hhf(2a) 
along [001] gives rise to small frequency shifts. 

The difference between the magnitude of the ordered 
moment measured by neutrons versus that measured by 
NMR may be due to either (i) changes in the magnetic 
structure as a function of the orientation of the field, (ii) 
errors associated with the mea~ured values of the hyper­
fine coupling, (iii) dynamic fluctuations of the magnetic 
structure, or (iv) neglect of coupling to conduction elec­
trons. There are two types of hyperfine couplings in 
heavy-fermion compounds, one to the conduction elec­
tron spins, Sc, and another to the local moment~, Sf 
[15]. Here, we ignored the coupling to Sc, sioce the 
static hyperfine field presumably arises from the ordered 
Ce moments in the B phase. Including a hyperfine cou­
pling to the Sc spins may account for the difference in 
the ordered moments and the incommensuration indica­
tive of a Fermi swiace instability. 

In the original measurements of the In(2a) NMR, the 
broad spectrum only emerged below ~ 100 mK (at 11 .1 
T where Tc = 470 mK and To = 290 mK, where To 
is the transition temperature to the B phase). Above 
~ 100 mK the In(2a) spectrum disappeared. The rea­
son for this behavior is likely due to dynamic effects, 
in willcb the spin-spin relaxation rate ri l is excessively 
fast due to the dynamics of the magnetic structure. For 
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Figure 3: (Color online) Simulated speclra and experimental data al 11.1 T and 50 mK (solid points, reproduced from [7]) for (a) (,Ix, by) = 
(0,0.121) and So = 0.071'8, (b) (bx,by) = (0.121,0.12L) and So = 0.07/18, (c) (bx,by) = (0.121,0.121) and So = 0.15p8, (d) (bx,by) = 
(0.498,0.498) and So = 0.lOP8, (e) (bx, by) = (0.681,0.681) and So = 0.15118. (f) 111e locus of points (S 0, bx) thaI are consistent wilh experiment. 
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sufficiently low temperatures where the magnetic struc­
ture becomes static and Til is small enough the broad 
spectrum emerges. However, when the time scale of the 
fluctuations is of the inverse of the linewidth (~ 2.S kHz 
in this case) the splitting of the NMR spectrum can be 
less than the full static linewidtb. It is possible that for 
temperatures T « 60 mK, the NMR linewidth would 
broaden to reflect a larger ordered moment. 

3. Superconductivity 

An outstanding question regarding the nature of the 
B phase is the possible modulation of the superconduct­
ing order parameter L'l. Using Ginzburg-Landau theory, 
Kenzelmann et a1. proposed a specific coupling between 
L'l, the antiferromagnetic order parameter MQ , and the 
magnetic field H to account for the phase diagram [13]. 
They postulated that at large fields an induced subdom­
inant order parameter nucleates with finite momentum, 
L'lQ, in addition to the dominant, uniform d-wave order 
parameter L'lo. In real space, this scenario suggests that 
the superconductivity and antiferromagnetism are out of 
pha~e. such that the extrema of magnetization MQ are 
located at the nodes of L'lQ. Consequently, L'lQ should 
vary at atomic length scales, which is physically un­
reasonable considering the stiffness of the condensate, 
2Jr/IQI '" 2a «§o· 

The NMR spectra of the In(l) site, where the byper­
fine field cancels, show no broadening that would be 
associated with a spatial variation of the Knight shift K 
due to real-space nodes [7]. Kis proportional to the 
spin susceptibility, which vanishes for T « L'l/k8 [16]. 
If L'l varied spatially and vanished at real-space nodes, 
then K would vary as well leading to a variation of the 
resonance frequency and a broad resonance [6]. An al­
ternative scenario is that L'l retains a large uniform com­
ponent, but has an induced component with modulation 
Qj: L'l = L'lo + L'lQi' with 2rr/lQil > §o. Our data suggest 
that L'lo is large and discontinuous across the first order 
normal-to-superconducting transition at Te ~ 470 mK 
at 11.1 T The narrow linewidth of tbe In(l) (~ 33 kHz 
at 100 mK) suggests that IbKI/(K(Tc) - K(O» :s 0.07, 
where 15K is the spatial modulation of the Knight shift 
due to L'lQi' The absence of any Knight shift modula­
tion at the In(l) preclude any real-space nodes in the or­
der parameter L'l and are at odds with an exchange-split 
Fenui surface resulting in an FFLO state. 

4. Discussion 

The NMR data suggest that the B phase of CeCoIns 
consists of incommensurate anti ferromagnetism coex-
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isting with d-wave superconductivity in the vortex state. 
This material exhibits a large Fermi surtace consistent 
with fully hybridized f electrons [J 7], thus the pres­
ence of ordered local moments with magnitude 0.07 J.1B 
in the superconducting state remains unclear. Possible 
explanations include modulated hybridization [is] or a 
two-component scenario [19]. The emergence of in­
trinsic spatial inhomogeneity in pristine undoped ma­
terials under these conditions represents a fascinating 
consequence of proximity to a first-order quantum criti­
cal phase transition, whicb mayor may not be lmiversal 
[20,21]. 

We thank R. Movshovich, V Mitrovic, A. Balatsky, 
L Boulaevskii and M. Kenzelmarm for valuable discus­
sions and sharing their results. Work at Los Alamos 
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of the US Department of Energy under grant no. DE­
AC52-06NA25396. 
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