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We have performed inelastic neutron scattering measurements on a powder sample of the super-
conductor lithium iron selenide hydroxide Li;—,Fe;ODFei_y,Se (z ~ 0.16,y ~ 0.02, Tc = 41 K). The
spectrum shows an enhanced intensity below T, over an energy range 0.64 X 2A < E < 2A, where
A is the superconducting gap, with maxima at the wave vectors Q; ~ 1.46 A™! and Qo ~ 1.97 A~%.
The behavior of this feature is consistent with the spin resonance mode found in other uncon-
ventional superconductors, and strongly resembles the spin resonance observed in the spectrum of
another molecular-intercalated iron selenide, Lip.6(ND2)o.2(ND3)o.sFeaSea. The signal can be de-
scribed with a characteristic two-dimensional wave vector (7, 0.677) in the Brillouin zone of the iron
square lattice, consistent with the nesting vector between electron Fermi sheets.

INTRODUCTION

Among the iron-based superconductors, those contain-
ing FeSe layers display a particularly rich phenomenol-
ogy, much of which remains unexplained [IH5]. The
parent phase (-Fe;i,Se has a relatively low supercon-
ducting transition temperature T, of 8.5K [0, [7] which,
however, can be enhanced through the application of
pressure [8] or the intercalation of alkali metal ions and
small molecules [9HIG]. Remarkably, superconductivity
has been observed in monolayers of FeSe on SrTiO3 with
T. up to 65K [I7], and perhaps as high as T, ~ 100K
[18]. This suggests that bulk superconductivity at sim-
ilarly high temperatures might be achievable in deriva-
tives of FeSe that have been chemically tuned to optimal
carrier doping and inter-layer separation.

Separation of FeSe layers by alkali ions in compounds
with bulk compositions close to AggFe;gSe (A = K,
Rb, Cs) can increase T, up to 45K [0HI2]. The prod-
uct, however, is inhomogeneous with a majority non-
superconducting phase containing iron vacancies, and su-
perconductivity in a minority phase [19, 20]. An alter-
native route is to synthesize intercalates of FeSe at room
temperature or below from solutions of electropositive
metal ions in ammonia [I3H16]. This method can yield
single-phase material with vacancy-free FeSe layers and
a controllable electronic doping level.

Recently, a new intercalated FeSe-derived bulk super-
conductor Li;_,Fe,OHFe;_,Se has been reported with
T. in excess of 40K [2IH23]. This material was initially
synthesized by a hydrothermal route which was subse-
quently adapted to include a post-synthetic lithiation
step, resulting in almost vacancy-free FeSe layers [24].
Investigations throughout the stable composition range
(x ~ 0.2, 0.02 < y < 0.15) found the highest T; values
when the iron vacancy concentration is low (y < 0.05),
corresponding to significant electron-doping of the FeSe

layers [24]. Consistent with this, angle-resolved photoe-
mission spectroscopy (ARPES) [25],26] and scanning tun-
nelling spectroscopy [27] measurements have shown that
the Fermi surface consists only of electron pockets, cen-
tered on the X points of the iron square lattice, and that
the band structure, Fermi surface and gap symmetry are
very similar to those of the monolayer FeSe/SrTiO3 su-
perconductor [26]. This makes Li;_,Fe,OHFe;_,Se a
particularly important material in the quest to under-
stand why certain iron-based superconductors have such
high T, values.

Several competing theoretical models have been pro-
posed to explain the superconductivity and remark-
ably high 7T, in iron-based superconductors whose
Fermi surface consists only of electron pockets, such as
Li;_,Fe,OHFe;_,Se. A variety of novel pairing mecha-
nisms based on magnetic [28433] and orbital [34] [35] fluc-
tuations have been suggested, with the theories predict-
ing different superconducting gap symmetries, including
sign-preserving sT™-wave and sign-changing s™~ or d-
wave. A conclusive determination of the gap symmetry
and sign distribution on the Fermi surface, which is cru-
cial for distinguishing between these theories, has so far
proved elusive.

The focus of the present work is on magnetic fluctu-
ations in Li;_,Fe,ODFe;_,Se, the deuterated form of
the Li;_,Fe, OHFe; _,Se superconductor, which we have
measured using neutron spectroscopy. Many experimen-
tal studies have found that magnetic correlations couple
to superconductivity in the iron-based superconductors
[36H39], and the results have provided a strong stimulus
for theories that invoke magnetic fluctuations as a key
ingredient in the unconventional superconducting pair-
ing interaction [40H42].

One piece of evidence used in support of magnetic pair-
ing is the spin resonance peak, which has been observed
widely in the iron arsenide and selenide superconductors
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FIG. 1. Main Panels: X-ray powder diffraction data measured on beamline I11 at the Diamond Light Source for two dif-
ferent deuterated powder samples S1 (left) and S2 (right) of Lii—,Fe,ODFe;_,Se after lithiation. Neutron scattering data
presented in later figures were recorded from the combined sample S1 + S2. Black points are experimental data and red lines
are a fit obtained by Rietveld refinement with space group P4/nmm and tetragonal lattice parameters a = 3.78088(1) A,
¢ = 9.30020(7) A (Daughter S1 = Lig.gsFeo.160DFep00Se) and a = 3.77538(1)A, ¢ = 9.36136(7) A (Daughter S2 =
Lio.s3Feo.17ODFeg.97Se). The sample in S2 is found to have a small impurity of the unlithiated parent sample (parent composi-
tion = Lig.g1Fep.190DFeq.94Se). Insets: Measured dimensionless volume magnetic susceptibility xvo1 on field-cooling (FC) and
zero-field-cooling (ZFC) for the same two samples. Tc is determined using the first data point at which xvo1 begins to reduce

with cooling. No correction has been made for demagnetisation.

[36, 37, [43] [44]. The spin resonance is a collective spin
excitation that appears below T, and whose signature is
a peak in the neutron scattering spectrum. The reso-
nance peak is centered on a characteristic wave vector
Qs which is often close to or the same as the propaga-
tion vector of an antiferromagnetic phase that borders su-
perconductivity, and the peak appears in a narrow range
of energy Eos ~ 5—6kpT, just below the maximum of the
superconducting gap. In weak coupling spin fluctuation
theories of superconductivity the spin resonance is caused
by strong scattering between points on the Fermi surface
that are connected by Q..s and have opposite signs for
the superconducting gap function. The resonance tends
to be sharp in Q when the relevant parts of the Fermi
surface are well nested [31), 45H47]. Measurements of the
resonance peak, therefore, can provide very useful infor-
mation on the symmetry of the superconducting gap and
the underlying band structure.

Our study provides evidence for a spin resonance in
Li;_,Fe,ODFe;_,Se (T, = 41K) at a wave vector Qyes
of approximately (m,0.677), which is remarkably sim-
ilar to that found in measurements on a sample of
Liz(ND3)1_y(NDy),FesSep with the same T, [48], and
close to (m,m/2) as found in FeSe intercalated with al-
kali metal ions [49H53]. This wave vector can plausibly
be explained by nesting between the electron Fermi sur-
face pockets measured by ARPES on single crystals with
the same electron doping level as our sample [25] [26],
thereby ruling out a sign-preserving st pairing symme-

try in Li;_,Fe,ODFe;_,Se.

EXPERIMENTAL DETAILS

Two separate batches of polycrystalline
Li;_yFe,ODFe;_,Se, with masses of 9.18g (S1) and
8.17¢ (S2), respectively, were synthesized via the novel
lithiation method detailed in Ref. [24]. Fully-deuterated
samples were prepared in order to reduce the incoherent
background in the neutron scattering measurements. All
sample handling was performed in an inert atmosphere.
Synchrotron X-ray powder diffraction patterns taken on
the Diamond Light Source I11 beamline [54] (Fig. [[] main
panels) show both to be high quality with almost no Fe
vacancies in the FeSe plane and no detectable impurities
except a small amount of unlithiated parent material
in one of the samples. The refined compositions were
Lio,g4Fe0,160DFe0,ggSe (Sl) and Li0‘33F60,17ODF60,97Se
(S2) with a 2.6% impurity of Lig.g1Feg100DFeg g4Se
in S2. Field-cooled and zero-field-cooled magnetic sus-
ceptibility data taken on a Superconducting Quantum
Interference Device (SQUID) magnetometer (Fig.
insets) show a high superconducting volume fraction and
T. ~ 41K in both samples. Evidence from a previous
study on samples synthesised via the same method
indicates that the impurity composition will either not
superconduct or will do so only with a low T, (< 10K)
[24], and in light of this observation and its low mass



fraction in the sample we expect the impurity to produce
no measurable effect on the neutron spin resonance
measurements discussed later in this work. We note
that there is no essential difference in susceptibility
between the deuterated samples measured here and
published data from equivalent samples containing
natural hydrogen [24], confirming that deuteration has
no effect on the bulk superconducting properties of this
system. Magnetic susceptibility and X-ray diffraction
measurements confirmed that the samples remained
unchanged after the experiment.

Inelastic neutron scattering measurements were per-
formed on the Merlin time-of-flight chopper spectrome-
ter at the ISIS Facility [55]. The two powder samples
S1 and S2 were sealed in separate aluminium foil packets
in concentric annular geometry inside a cylindrical alu-
minium can with diameter 4cm and height 4cm . The
can was mounted inside a closed-cycle cryostat. Spec-
tra presented here were taken at a range of tempera-
tures between 6.5 and 62K with neutron incident en-
ergy F; = 80meV and normalised to the scattering from
a standard vanadium sample to place the data on an
absolute intensity scale of mbsr~'meV~!fu.~!, where
Imb = 1073 m? and fu. stands for one formula unit
of Lij_,Fe;ODFe;_,Se (such that all scattering in this
work is presented per Fe site in the FeSe layer), although
we note that we have not corrected for the strong neutron
attenuation of the sample. We estimate from the FWHM
of the elastic line that the energy resolution in this con-
figuration is 5meV at the elastic line and 3.7meV at
an energy transfer of 24 meV. All spectra presented here
have also been corrected for the Bose population factor
{1 —exp(—E/kgT)} ', where E is the neutron energy
transfer and 7" is the temperature, so that the presented
quantity is the dynamical susceptibility x”(Q, E).

RESULTS

Figure |2 presents scattering as a function of momen-
tum transfer ) averaged over the energy transfer range
19 < E < 29meV. The two sets of measurements shown
are for temperatures of 7' = 6.5K and T > T, where
the T' > T, curve is an average of data collected at 51 K
and 62 K to improve the statistics. The justification for
averaging is that the 51 K and 62K data show no ob-
servable difference over the (@, F) range of interest after
correction for the Bose factor. The general increase in
scattering with () is due to scattering from phonons, but
the T' = 6.5K curve has a clear enhancement in spec-
tral weight over the T' > T, curve in a broad range of
Q from around 1.2 to 2.6 A~1. We attribute the excess
scattering at low temperatures to the spin resonance ap-
pearing in the superconducting state, since any change
in the phonon background is taken into account by the
Bose population factor correction.
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FIG. 2. Measured dynamical susceptibility as a func-

tion of momentum transfer @ = |Q| averaged over the
range of energy transfer 19 < EF < 29meV. This quan-
tity was obtained by measuring the inelastic neutron scatter-
ing from a polycrystalline sample with average composition
Lig.g4Feq.160ODFeg.9sSe at T' = 6.5 K and T' > T, after normal-
isation to the bose population factor {1 — exp(—E/ksT)} .
Data for T' > T, are an average of runs recorded at 51 K and
62 K. The formula unit (f.u.) used for normalisation is that
Of Lio,g4Feo,160DFeo,ggse.

Further evidence that this is the spin resonance can
be seen in the energy dependence of excess scattering at
6.5 K relative to T' > T, (Fig. [3)), which shows a broad
hump between about 20 and 30 meV. Using T, = 41K
and the gap energy A ~ 14.5meV measured by ARPES
on samples of this material with the same electron doping
level and T, [26], we see that this signal is fully consis-
tent with other unconventional superconductors where
the resonance appears at Eres =~ 0.64 x 2A (~ 19meV),
or more approximately at Eyes ~ 5.8kgT, (= 21 meV)
[56).

A plot of the excess scattering as a function of Q) av-
eraged over the energy range from 19 meV to 29 meV is
given in Fig. @] These energies correspond to the whole
energy range for scattering below the pair-breaking en-
ergy from 0.64 x 2A ~ 19meV up to 2A ~ 29meV. The
excess scattering has a double peak structure at 6.5K
with no clear change in the shape or position of either
peak at intermediate temperatures in the superconduct-
ing state, for example 30 K. Some other features are vis-
ible in the data, especially in the 30 K and 42K curves,
which though small are not accounted for by statistical
noise. These could be the result of subtle variations in the
background signal with temperature, e.g. small changes
in phonon modes, whose effect is magnified by the sub-
traction of two very similar signals.

In order to quantify the peak shapes and temperature
dependence, we performed a fit similar to that in refer-
ence [48] of the subtracted data at 6.5 K to two Gaussian



TABLE I. Best-fit parameters for a two-Gaussian lineshape plus a constant background obtained from a least-squares fit to the
6.5 K data in Figure [4| (Lio.saFeo.160DFeq.9sSe) and the 5K data in Figure |§| (Lio.6(ND2)o.2(ND3)o.sFeaSes, from Ref. [48]).
The Q;s are peak centres and o;s the corresponding standard deviations where o = FWHM/2v/2In2.

Composition Q1 (A™Y o1 (A7YH Q2 (A7Y) o2 (A7)
Lig.saFeg.16 0DFeg.955e 1.46(3) 0.12(4) 1.97(7) 0.32(8)
Lio.s(ND2)o2(NDs)osFesSes | 1.43(6)  0.27(7)  2.07(7)  0.21(8)

|
T% 0.05+ EEEEEEEE EEEEE E E}
S !
g IEEiEf 12<Q <26A1

00 20 B (me\/§5 30

FIG. 3. Excess neutron scattering intensity Ax”(E, (Q)) =
X" (E,(Q), T =6.5K) —x"(E,(Q), T > T¢) , after normalisa-
tion to the Bose population factor. The normal state intensity
is the average of runs recorded at 51K and 62K as in Fig. [2]
and the signal is averaged across the full double peak struc-
ture, i.e. 1.2 < @ < 2.6 A~ Dashed vertical lines mark
E ~ 2A and E ~ 0.64 x 2A, where A ~ 14.5meV is the
superconducting gap from ARPES [26].

peaks plus a constant background, with peak heights a;,
centres (); and widths o; as well as the background all
allowed to vary independently, yielding the fitted param-
eters shown in Table [I] For intermediate temperatures,
the peak widths and centres were fixed to the values in
Table [I| and the ratio between the peak heights aq/as to
its value at 6.5 K such that only two parameters, the over-
all amplitude of the whole feature A and the background,
were refined. Within this treatment, A shows a general
increasing trend below T, (Fig.|5) which could plausibly
be consistent with an order-parameter-like temperature
dependence, I ~ (T — Tp)'/2. However, there is insuffi-
cient data to establish such a relationship conclusively.

The spin resonance signal we observed here for
Li;_yFe,ODFe;_,Se (T, ~ 41K) is remarkably similar
to that measured under very similar conditions on a pow-
der sample of Lio_ﬁ(NDQ)OAQ(NDK?,)O.SFGQSQQ (Tc ~ 43 K)
[48]. Cuts along the @ axis are presented for both ma-
terials in Fig. [6] averaged over the same energy range.
The excess scatting at low temperatures shows the same
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FIG. 4. Excess neutron scattering intensity as a function of @
at 6.5 K, 30 K and 42 K relative to the average of runs recorded
at 51K and 62K, as in Fig. ] The 30K and 6.5K data
have been offset vertically by 0.2 and 0.4 units, respectively.
The double peak structure observed at low @ is attributed to
the spin resonance. Dark coloured lines are a best fit to two
Gaussians plus a constant background at each temperature,
as discussed in the main text, while horizontal broken lines
are the constant background at each temperature intended as
a guide to the eye. The dashed vertical line represents the
Q position corresponding to the 2D wave vector (7, 0) in the
1-Fe square lattice Brillouin Zone.

double-peak structure for each material, with peak posi-
tions at the same @ to within experimental error. Fitted
parameters are compared in Table [l The most signifi-
cant difference between the two datasets is a constant
scale factor resulting in ~ 3 times more scattering per
Fe site for the ammonia intercalate. This scale factor
applies to the whole spectrum including the elastic line
and is explained by increased attenuation (neutron ab-
sorption and elastic scattering) due partly to the greater
presence of Li in the LiOD-intercalate and partly to dif-
ference in the average neutron path lengths through the
two samples. Another difference is some extra scattering
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FIG. 5. Temperature dependence of the fitted overall am-
plitude A of the double-peak structure observed in Fig.
The line is the best fit to an order-parameter-like behaviour
I~ (T —To)'2.
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FIG. 6. The 6.5K dataset from Fig. [ for

Lip.saFeo.160DFeg.9sSe plotted with an equivalent dataset
at 5K for the lithium ammonia/amide intercalated
Lip.6(ND2)o.2(ND3)o.sFeaSes from Ref. [48]. For ease of
comparison, the Lig.g(ND2)o.2(ND3)o.sFe2Ses dataset has
been offset vertically and scaled by a constant factor so
that the lower @) peak maximum is the same height above
background as that in the Lig.saFep.160DFeg.9sSe data to
take into account the differing attenuation between the two
samples.

from the ammonia-intercalate at low Q ~ 1.2 A~! which
has the effect of widening the lower ) peak and is not
present for the LiOD-intercalate.

In order to gain information about the superconductiv-
ity from the data presented here it is necessary to know
where the resonance occurs in the Brillouin zone. Us-
ing similar arguments to those presented in Ref. [48] for
the ammonia-intercalate which attribute the two peaks
to scattering from resonance positions in the first and
second Brillouin zones, it is also clear for the LiOD-
intercalate that the resonance does not occur at the Fe
square lattice wave vector (m,0), as found in pure FeSe
[57] (c.f. vertical dashed lines in Figs. [ and [6). Instead,
it is found to be in the vicinity of (7, 7/2) and equivalent
positions as seen in other FeSe intercalates, and is in fact
best described by (7,0.677). This is remarkably close to
(7,0.6257) as predicted in one calculation [58].

In Ref. [48] it is suggested that the extra weight around
Q ~ 1.2A~! may be from a small secondary supercon-
ducting phase with a (7, 0) resonance appearing around
10K, possibly due to some degree of phase separation
or sample inhomogeneity. The sharper first order peak
and complete lack of excess scattering at ) correspond-
ing to (m,0) in the data presented here indicates there is
no such minority phase or sample inhomogeneity in the
LiOD-intercalate.

Similarly, the initial studies of the LiOH-intercalate
reported evidence for either antiferromagnetic (Ref. [21])
or ferromagnetic (Ref. [22]) order. The low energy spin-
wave excitations of any long-range magnetic order would
have a characteristic scattering intensity at low energies
which would disperse away from the respective order-
ing wave vectors. We did not observe any such scatter-
ing in the neutron spectrum of LiggsFeq 160DFeq 9gSe,
consistent with the lack of any magnetic Bragg peaks in
neutron diffraction [24} 59, [60]. The measurements con-
strain any magnetic order in optimally superconducting
Li;_,Fe, ODFe;_,Se either to a minority phase, or to a
uniform phase with extremely small magnetic moments.

DISCUSSION

Recently, the band structure, Fermi surface and super-
conducting gap of LiOH-intercalated FeSe with the same
level of electron doping and T, as the sample used in this
work were measured in two ARPES studies [25], 26] and
via scanning tunnelling spectroscopy [27]. Both ARPES
studies found that the Fermi surface consists of almost
identical, highly 2D electron pockets centred on (m,0)
and (0,7), i.e. the two X points of the 1-Fe square lat-
tice Brillouin Zone, although theoretical calculations in-
dicate that it is reasonable to expect two closely spaced
Fermi sheets at each of these X points which are pre-
sumably not resolvable in ARPES and may hybridise
with one another. The scanning tunnelling spectroscopy
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FIG. 7. Schematic Fermi surface in the k, = 0 plane for
Liy—,Fe,OHFe;_,Se, based on the calculation in Ref. [58] and
qualitatively consistent with all current experiments. Bril-
louin zone boundaries are marked with thick dashed lines (1-
Fe BZ) and thin dashed lines (2-Fe BZ) while the lattice pa-
rameter used here a = 2.67 A is that of the 1-Fe in-plane unit
cell. T and X labels mark special points of the 1-Fe Brillouin
zone, with each X point surrounded by two box-like fermi
sheets (red lines) which in reality are presumably hybridised
at the points where they approach each other to avoid cross-
ings. Thick arrows mark nesting vectors between straight,
parallel sections of Fermi surface which cause a peak in nest-
ing around (m,0.6257) as calculated in Ref. [58]. It should be
noted that there is no experimental verification of the precise
Fermi surface geometry at each X point due to limited resolu-
tion in ARPES, however the presented geometry is consistent
with current experimental results.

study provided strong evidence for this two-fermi-sheet
scenario, showing that there are two different supercon-
ducting gaps. A schematic of this Fermi surface geome-
try is provided in Fig. [7] with the precise Fermi surface
cross-sections represented by those calculated in Ref. [58],
although it should be noted that there is no experimental
verification of these cross-sections due to limited resolu-
tion in ARPES.

Naively, nesting in this Fermi surface geometry would
be expected to peak at (m,7), i.e. the vector connect-
ing two X points at (w,0) and (0,7), however it has
been shown via theoretical calculations [33] [58] that if
the pockets have a non-circular cross section then it is
possible for the nesting to have a broad plateau around
(m,m) and to reach its maximum at some other posi-
tion. For example, a full calculation for the type of Fermi
surface represented in Fig. [7] shows the maximum is at
(7,0.6257) [58] due to enhanced nesting between paral-
lel sections of the box-like Fermi surfaces as marked by
bold arrows in Fig. [7] It is also possible to obtain a peak
at (m,m/2), as observed for the alkali-metal intercalates

[49-53], or at (7, 0.677) as found in this work, by varying
the precise Fermi surface geometry and size slightly. The
detailed shape of the Fermi surface around the X points
is not established in the ARPES data reported so far on
Li;_,Fe, OHFe; _ySe.

In weak-coupling spin fluctuation models the spin res-
onance is caused by nesting between sections of Fermi
surface with the opposite sign of the superconducting gap,
so our observation of a resonance at the very least rules
out sTT pairing in which the gap has the same sign at all
places on all Fermi sheets.

There is evidence from scanning tunnelling spec-
troscopy [27] that the gaps on all Fermi sheets are node-
less and anisotropic, with the fitted gaps nevertheless
preserving the 4-fold rotational symmetry of the crys-
tallographic space group. If this is assumed to be correct
then only three possible gap distributions remain, with
either (i) the sign change between two decoupled Fermi
sheets at the same X point, or (ii) the sign change be-
tween equivalent Fermi sheets at different X points, or
(iii) both (i) and (ii). In order to verify these assump-
tions a better experimental determination of the Fermi
surface structure around a single X point is required, for
example from higher resolution ARPES or quantum os-
cillations experiments.

CONCLUSION

In conclusion, we have observed a spin resonance ap-
pearing in the superconducting state of the FeSe inter-
calate Lig gsFeg.160DFeg gsSe at a 2D wave vector close
to (m,m/2) as found in other FeSe-intercalates. Best
agreement with the data is obtained with the wave vec-
tor (m,0.67m). We see no evidence for a (m,0) reso-
nance, and the data are remarkably similar to previous
measurements on the lithium ammonia/amide interca-
late Li0.6(ND2)0.2(ND3)O_8F€28€2 reported in Ref. [48]
The observed wavevector (m,0.677) is plausibly consis-
tent with the nesting vector between pairs of 2D electron
Fermi sheets around (7,0) and (0, 7) seen in ARPES and
scanning tunnelling spectroscopy, which rules out con-
ventional sT+ pairing. When considered in the light of
evidence that the gap is nodeless, the observations con-
strain the sign of the gap to have one of three possible
distributions on the Fermi surface.

Note added. Recently, an eprint appeared reporting
neutron scattering measurements on single crystals of
Li;_yFe,ODFe;_,Se [61] which are consistent with the
results described here.
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