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We report "'Se NMR data in the normal and superconducting states of a single crystal of FeSe for
several different field orientations. The Knight shift is suppressed in the superconducting state for
in-plane fields, but does not vanish at zero temperature. For fields oriented out of the plane, little or
no reduction is observed below T.. These results reflect spin-singlet pairing emerging from a nematic
state with large orbital susceptibility and spin-orbit coupling. The spectra and spin-relaxation rate
data reveal electronic inhomogeneity that is enhanced in the superconducting state, possibly arising
from enhanced density of states in the vortex cores. Despite the spin polarization of these states,
there is no evidence for antiferromagnetic fluctuations.

The iron-based superconductors have attracted broad
interest recently because they can host Majorana modes
on the surface, at domain walls, and within vortex cores
[1-4]. Fe(Se,Te), and Li(Fe,Co)As contain bands with p,
and dg,/d,. character with non-trivial topologies, that
give rise to both topological surface states as well as a
bulk Dirac point near the I' point in k-space [5]. FeSe,
although topologically trivial, is a particularly interest-
ing case because the superconducting state emerges from
a nematic phase that develops below Tpe,, = 91K [6].
Moreover, the Fermi energy, Er, in this system is usu-
ally small, such that this system lies close to the BCS-
BEC crossover regime [7, 8]. Evidence has emerged that
suggests FeSe exhibits a Fulde-Ferell-Larkin-Ovchinnikov
(FFLO) phase at high magnetic fields [9]. Thus, a de-
tailed understanding of the nature of the vortices in FeSe
is important in the context of a possible FFLO state, but
also because its comparison with the topological sister
compound Fe(Se,Te) could help to identify new phenom-
ena such as dispersive Majorana modes.

To probe vortex matter it is important to understand
both the underlying superconducting state and the spa-
tial inhomogeneity induced by the vortices. The spatial
part of the superconducting wavefunction in FeSe ap-
pears to have deep minima or nodes [10-14], although
direct evidence for spin singlet pairing has been elusive.
In the mixed phase, competing orders may give rise to
a different electronic structure and spin fluctuations in-
side the vortex cores, as has been observed in the high
temperature superconducting cuprates [15-17] and iron
pnictides [18], however little is known about the spin sus-
ceptibility in the mixed phase of FeSe.

Information about both the spin component of the
wavefunction and the excitations in the vortex cores
can be gleaned from nuclear magnetic resonance (NMR)
Knight shift and spin lattice relaxation rate measure-
ments. The spin susceptibility of a condensate with sin-
glet pairing vanishes, whereas that with triplet pairing
can remain unchanged through 7. Conventional magne-
tometry cannot discern these changes because the spin
component is much smaller than the orbital component,
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FIG. 1. (a) ""Se NMR spectra (normalized) as a function of
temperature for Hy || [110] (in tetragonal unit cell) at high rf
power (35.5 dBm). Below Them = 91K, the single resonance
splits into two separate peaks, corresponding to domains with
H || a (upper peak) and Hg || b (lower peak) in the nematic
phase. (b) Spectra as a function of temperature for Ho || [110]
at low rf power (18.4 dBm). (c,d) Spectra in the supercon-
ducting state as a function of radiofrequency pulse power for
H, || [100] and Hy || [110], respectively. Blue circles in (c)
indicate the first moment of the spectrum. A complete list of
temperatures, and spectra for Hyl||[110] at low rf power, are
available in the supplemental materials [19].

however the Knight shift is usually dominated by the for-
mer and is thus one of the only experimental probes of
the spin susceptibility of the condensate [7, 8]. To date,
Knight shift measurements in the superconducting state
have been inconclusive, revealing little or no change be-
low T, [20-23]. A recent study reported no change in
the Knight shift along the ¢ axis in fields up to 16 T,
which have been interpreted as evidence for highly spin-
polarized Fermi liquid in the BCS-BEC regime [24]. A
lack of suppression of the Knight shift may be evidence
for spin-triplet pairing [25], but may also reflect ther-
mal instability of the sample due to eddy-current heating



from radiofrequency pulses [26]. In fact, spin-orbit cou-
pling can give rise naturally to a spin-triplet component
[27, 28]. To fully characterize the symmetry of the con-
densate, therefore, it is important to understand the full
tensor nature of the Knight shift in the superconducting
state.

Here we report 7"Se NMR on a high quality single crys-
tal as a function of temperature and field. We find that
between 3.6 and 11.7 T, the planar Knight shift is re-
duced by ~ 4% from the normal state value below T,
whereas the out-of-plane component shows no change
within the experimental resolution. These results are
consistent with spin singlet pairing in the presence of
large orbital susceptibility and spin-orbit coupling. Sur-
prisingly, the NMR linewidths broaden inhomogenously
by more than a factor of two below T, for planar fields,
but not for Hy || ¢. Accompanying this broadening is
a frequency-dependent spin-lattice relaxation rate, 17 1
that reveals electronic inhomogeneity in the supercon-
ducting state. This inhomogeneity cannot be explained
by the presence of a conventional vortex lattice, but may
reflect an enhanced local density of states within the vor-
tex cores.

Single crystals of FeSe were grown by vapor transport
with a tilted two-temperature zone tube furnace [29].
Several samples were characterized with magnetic sus-
ceptibility and resistivity measurements, with the best
samples having T, = 8.9K, and RRR defined as the re-
sistance ratio between 250 and 10K around 19, similar
to reported high-quality samples [29]. A large crystal of
dimensions 2.4 x 1.4 x 0.2 mm? was selected and mounted
in a custom-built NMR probe equipped with a dual-axis
goniometer. The majority of the experiments were con-
ducted within a variable-temperature cryostat in a high-
homogeneity NMR magnet with a field of Hy = 11.7294
T, and some experiments at lower fields were conducted
in a PPMS system. In this field, T, is suppressed to
~ 5.3 K (measured by resistivity) [30]. Spectra (Fig.
1) were collected for field aligned along the tetragonal
[110], [100] and [001] directions. The [110] ([110]) di-
rection corresponds to the Fe-Fe bond, and is the a (b)
direction in the nematic phase [31]. The spectra were
measured at several temperatures down to 2.1 K using
low-power rf pulses (7/2 pulse widths up to 80us), sweep-
ing frequency and summing the Fourier transforms. Our
results are consistent with previous reports [20-23, 32],
and reveal a splitting of the single 77Se resonance below
Them = 91 K due to twinning. The resonance frequen-
cies are given by f = vHp(1 + K), where v = 8.118
MHz/T is the gyromagnetic ratio and K is the Knight
shift. We fit each resonance to a Gaussian function, and
Figs. 2(a,b) shows the temperature dependence of K
and the full-width half-maxima, FWHM, for several dif-
ferent field directions. Below T, the spectra exhibited a
strong dependence on the pulse power, as illustrated in
Fig. 1(c,d). The radiofrequency pulses induce eddy cur-
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FIG. 2. Linewidth (a) and Knight shifts (b) of the spectra
in Fig. 1 as a function of temperature for the field along
[110] ~ a (v, o), [110] ~ b (a, O), [100] (M), and [001] ~ c
(#). (c) The in-plane anisotropy AK = K, — K} as a function
of temperature. Solid (open) points were acquired at low
(high) rf power, respectively, as discussed in the text.

rents around the sample, which can lead to Joule heating.
As a result, the temperature may temporarily exceed T,
immediately after the pulse. Similar effects have been ob-
served in other superconductors, leading to misinterpre-
tations about the temperature dependence of the Knight
shift [26]. As seen in Fig. 1(a), the blue spectra below
T., measured at high power, reveal little to no shift. The
shifts reported in Fig. 2(b) were measured at 18.4 dBm,
where there was no power-dependence to the spectra.

The Knight shift arises from the hyperfine interaction
between the nuclear spin and the spin and orbital degrees
of freedom of the electrons: Hpr =1-Ag-S+1-Ap-L,
where Ag are the hyperfine coupling tensors, and S
and L are the spin and orbital angular momenta. The

Knight shift is given by K, = AL xor% + A5 yspin 4
(A5, + AL, )xared, where 2™, X0, and X7 are

the static spin, orbital, and mixed susceptibilities at zero
wavevector [31, 33]. In the absence of spin-orbit cou-
pling, the mixed term vanishes and the Knight shift is
usually decomposed as K, = Kqo + AS X3P, Kuo is
often considered to be a temperature-independent shift



arising from a Van-Vleck orbital susceptibility, however,
this decomposition breaks down in the presence of spin-
orbit coupling [34]. Moreover, theoretical calculations
have revealed that Y970 > y$Pin ymized due to the mul-
tiorbital nature of the band structure and nematic in-
stability [31]. As a result, the relationship between K,
and the bulk susceptibility, x = x*P™ + x°"° + 2x™#*ed,
is complicated. Nevertheless, we find that K, varies lin-
early with x above T),ep,, as shown in the inset of Fig.
3. Linear fits to the data yield parameters close to pre-
viously reported values [23].

For spin-singlet pairing, x and x should van-
ish in the superconducting state, giving rise to a suppres-
sion of K below T, as observed in Fig. 3. For planar
fields, K, is suppressed by about 100 & 15 ppm in both
domains, as well as for the [100] direction oriented 45° to
the Fe-Fe bond direction. This magnitude of suppression
does not change significantly at lower fields. For out of
plane fields, any change in K, is within the noise, but is
less than ~ 10 ppm. These results are also independent
of applied field, and seem to be consistent with previous
reports [24, 35|, however more careful studies at lower
fields along [001] should be conducted to check for heat-
ing effects. For fields other than 11.7T pulse powers of
about 22dB have been used that exceed the threshold
for heating. By comparison with the power dependence
of the low temperature data measured at 11.7T we esti-
mate lower error bars that indicate that the Knight shift
decrease could be nearly twice the magnitude measured
with pulses smaller than 22dB.

Note that Ko(T — 0) # Ko, or in other words the
low temperature limit of the shift does not equal the in-
tercepts from the K — x plot. In fact, x°"° is strongly
temperature dependent, so Ko does not represent a tem-
perature independent Van-Vleck term. The low temper-
ature shift reflects a finite x°?, since the spin component
vanishes for singlet pairing; however impurity states may
play a role [36]. Determining how much x*P"", x°"® and
x™®ed are suppressed below T, will likely require de-
tailed theoretical calculations [31]. It is noteworthy that
the difference K, — K}, shown in Fig. 2(c), exhibits a
subtle enhancement below T.. This observation suggests
that the superconductivity is slightly anisotropic in the
two domains, and may reflect an anisotropy in the coher-
ence lengths, &, p.

Below T, the spectra for both domains broaden and be-
come asymmetric with a high frequency tail, as observed
in Fig. 1(c,d) and 2(a). At 230 K the FWHM of the
spectrum is ~ 0.08 kHz, and fits with a Voigt profile give
a Gaussian contribution to the linewidth (~ 0.04 kHz)
that is close to the second moment of the nuclear spin
dipole moments of the lattice (~ 0.06 kHz). The excess
inhomogeneous broadening above T, may be due to either
macroscopic or microscopic strain fields [37]. The crys-
tals were initially secured to the goniometer with a light
coat of superglue and the coil fit loosely around the sam-
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FIG. 3. K, versus temperature for fields and orientations.
(INSET) K versus x for in the normal state, using suscepti-
bility data from [23]. The dotted lines indicate the best linear
fits, with parameters Ko, = 0.19440.002%, Aqq = 27.140.3
kOe/pup, Koc = 0.2364+0.001%, and A, = 29.9+0.5 kOe/u s,
as described in the text.

ple. In this case, the observed linewidths were smaller
(open points in Fig. 2(a)), reflecting the high quality
of this crystal. In later measurements, the crystal was
remounted and we observed the linewidth increase by a
factor ~ 2 (solid points in Fig. 2(a)). It is possible
that remounting the crystal introduced inhomogeneous
macroscopic strain fields. Non-magnetic impurities such
as Fe vacancies are known to exist in the lattice [11],
which may also be a source of local strain and inhomo-
geneous broadening in the normal state.

Regardless of the linewidth in the normal state, an
even larger increase of linewidth is observed below T,
which is unexpected. A vortex lattice certainly gives rise
to a distribution of local magnetic fields, B(r), and in
very low fields B < B, the second moment of the field
distribution can be estimated as AB? a2 0.00371¢2\ ™4,
where ¢ is the flux quantum, and the penetration depths
are A\, = 446 nm, A, = 1320 nm [38, 39]. There are im-
portant corrections to this expression in the higher fields
where our measurements were conducted [40], however
after accounting for these we estimate that the normal
state spectra should broaden by only ~ 8 Hz, three orders
of magnitude smaller than the enhancement observed in
Fig. 2(a) [19].

Since the field distribution alone is unable to capture
the asymmetric broadening, we hypothesize the pres-
ence of a spatially-varying Knight shift, K, (r), that is
equal to the normal state value within the vortex cores
and decays to K,(T — 0) outside. The spectrum is



given by the histogram of the local resonance frequency,
f(r) =~4B(r)(1 + K4(r)). The exact shape of the spec-
trum depends on microscopic details, but if the spatial
variation 6K is equal to the 100 ppm suppression ob-
served in Fig. 3, the spectrum will broaden by ~ 10 kHz,
which agrees well with the excess linewidth below T, in
Fig. 2(a). These results suggest that the local spin sus-
ceptibility within the vortex cores is identical to that in
the normal state.

This interpretation is supported by Tfl measure-
ments. Fig. 4(a) shows (T37)~! versus temperature.
The data in the normal state agree well with published
results [20, 23, 41]. This quantity drops due to the super-
conductivity, and becomes inhomogeneous in the mixed
phase. Fig. 4(b) shows that T, ! increases by nearly
a factor of two in the high frequency tails of the spec-
tra in the superconducting state, which correspond with
the vortex cores. Localized Caroli-deGennes-Matricon
(CAGM) electronic states normally exist within isolated
cores [42]. At higher fields quasiparticles from different
cores can propagate coherently across multiple vortices,
and the energy spectrum becomes dispersive, with gap-
less excitations remaining within the vortex cores that
give rise to a finite local density of states (LDOS) which
should be manifest in any technique sensitive to low en-
ergy excitations [43-46]. Indeed enhanced 7, " has been
identified within the vortex cores of both conventional
[47] and unconventional superconductors [15, 48].

There are, however, important differences between
FeSe and previous observations on other superconduc-
tors. In the cuprates, the excess relaxation rate has been
attributed to antiferromagnetic fluctuations from a com-
peting ground state to superconductivity [15, 48], as well
as from Doppler-shifted quasiparticles associated with d-
wave nodes [49]. In such cases (T;T) ™! exhibits a strong
Curie-Weiss divergence within the cores, whereas out-
side the cores (T3 T)~! remains temperature independent.
In the s-wave superconductor LaRusP1o, (T1T) ! in the
cores is also strongly temperature dependent, and even
exceeds the value in the normal state [47]. In the case of
FeSe, (T1T)~! exhibits Curie-Weiss behavior in the nor-
mal state (dotted lines in Fig. 4a), but drops below T.
This behavior has been attributed to antiferromagnetic
spin fluctuations that are gapped by the superconduc-
tivity [50, 51]. The open circles (squares) in Fig. 4(a,c)
show the temperature dependence at the upper end of
the spectra in the superconducting state. (737)~"! in the
vortex cores changes only by a factor of two from the
background rate, remaining well below the normal state
value, and exhibits the same trend with temperature as
the background. These results suggest the absence of any
spin fluctuations within the normal cores of FeSe.

FeSe appears unique in that there is a q = 0 spin re-
sponse in the vortex cores. It is unclear whether this
behavior could be related to either a proximity to the
BCS-BEC crossover, or either a Fulde-Ferrell-Larkin-
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FIG. 4. (a) (TAT)™* versus temperature (symbols defined in
Fig. 2) for Hy || [110] at 11.7 T. The dotted lines are best fits
to a Curie-Weiss form, as described in the text. (b) (T47) "
versus frequency at 3.05K in the mixed phase, revealing an
enhanced rate within the vortex cores. The spectrum is shown
in gray. Tl_1 and spectra were acquired with high power rf
pulses. 77 was measured by integrating the intensity over
small windows of 0.7kHz separately and fit with a stretched
relaxation curve for spin 1/2. The stretching exponent is
0.851+0.05 and shows no frequency dependence. Heating re-
duces the linewidth, so we observe a frequency dependent re-
laxation rate over a smaller frequency range. Measurements
at low power are provided in [19].

Ovchinnikov (FFLO) phase [8, 9] or a field-induced spin
density wave [52] for parallel fields above H* =24 T. A
true FFLO phase should exhibit both segmented vortex
lines and normal planes where the LDOS reaches the nor-
mal state values, giving rise to inhomogeneously broad-
ened NMR spectra. Although Hy ~ 0.5H* in our exper-
iments, the inhomogeneity we observe already indicates
the presence of large spin polarization in spatial regions
where the superconducting order vanishes. It is notewor-
thy that the q = 0 susceptibility in FeSe is dominated
by orbital contributions, whereas the finite q response
is dominated by spin fluctuations [31]. Condensation of
singlet pairs enables us to probe the small spin response
at q = 0. In Ba(Fe,Co)aAss, finite q spin fluctuations
can freeze and exhibit long range antiferromagnetism in
vortex cores [18]. In FeSe we see no evidence for such
behavior, which may be due to the presence of nematic



order and the different contribution of orbital versus spin
susceptibility. The absence of such fluctuations suggests
that the high field phase is unrelated to SDW order, at
least for in-plane fields [52, 53]. It may be that the finite
spin shift within the cores arises due to the low energy
excitations associated with the deep minima in the gap
function.

In summary, we find that the Knight shift is suppressed
below T, for in-plane fields, but see little to no sup-
pression for field along the c-axis. The spectra are in-
homogeneously broadened below T, and T} ! becomes
frequency-dependent. These observations are consistent
with a finite LDOS within the vortex cores. We find no
evidence of competing antiferromagnetic fluctuations in
the vortex cores. Further studies at higher fields or with
Te doping should shed light on the unusual nature of the
vortex states in this system.
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