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Abstract

®

CrossMark

We report polarized neutron scattering measurements of the low energy spin fluctuations of the
iron-selenide superconductor Lij sFey ODFeSe below and above its superconducting
transition temperature 7. = 41 K. Our experiments confirmed that the resonance mode near
21 meV is magnetic. Moreover, the spin excitations are essentially isotropic in spin space at

5 < E <29 meV in the superconducting and normal states. Our results suggest that the
resonance mode in iron-based superconductors becomes isotropic when the influence of
spin—orbit coupling and magnetic/nematic order is minimized, similar to those observed in

cuprate superconductors.
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(Some figures may appear in colour only in the online journal)

The spin resonance mode is the most prominent feature in the
spin fluctuation spectrum in numerous unconventional super-
conductors, including cuprate, heavy fermion and iron-based
superconductors [1-5]. The resonance mode occurs below
the superconducting transition temperature (7¢) and exhibits a

* Author to whom any correspondence should be addressed.

1361-648X/21/45L.T01+6$33.00

temperature dependence similar to the superconducting order
parameter. The energy of resonance mode also scales with
T. among different classes of unconventional superconductors
[4, 5]. Therefore, the resonance mode has been considered as
the hallmark of unconventional superconductivity.

It has been proposed that the resonance mode is a spin-
triplet exciton of the singlet Cooper pairs with a sign-
reversed superconducting gap function [4]. The observation

© 2021 IOP Publishing Ltd  Printed in the UK
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Figure 1. (a) Crystal structure of Lig gFep,ODFeSe. FeSe layers and Lig gFeq,OD layers stack alternately. (b) A schematic of the scattering
geometry and definition of polarization in our experiment. The red ellipses represent the spin resonance of Liy gFeg ,ODFeSe in the
momentum space (one-Fe unit cell). (c) Magnetic susceptibility in the zero-field-cooled (ZFC) measurement in a magnetic field of

H = 10 Oe, indicating 100% exclusion of the external magnetic field. (d) Resistance as a function of temperature of Lij sFeg,ODFeSe
single crystal. A sharp superconducting transition is observed at 7. = 41 K.

of a spin-space isotropic resonance mode at the antiferro-
magnetic wavevector in hole- [6] and electron-doped [7]
cuprate superconductors is consistent with this picture with
a d-wave pairing gap function. In most iron pnictide super-
conductors, the resonance modes appear near the stripe anti-
ferromagnetic wavevector, which is close to the wavevector
connecting the electron pockets at the Brillouin zone cor-
ner and the hole pockets at the zone center [8—13]. This
was explained as a spin exciton arising from the sign-
reversed s-wave pairing between the nested electron and hole
pockets [5].

However, the situation in iron-based superconductors
seems more complicated than expected, as recent polarized
neutron scattering measurements revealed that the resonance
modes in most underdoped/optimally doped and even some
overdoped iron pnictides are anisotropic in spin space [14—19],
which challenged the general notion that the spin resonance
is an isotropic triplet spin-exciton. One possible explanation
for the anisotropy of the spin exciton could be related to adja-
cent magnetic/nematic order phases with moderate spin—orbit
coupling [20, 21]. Alternatively, the resonance mode was
attributed to magnonlike excitations similar to those of the
magnetically ordered parent compounds, where spin—orbit

coupling has been shown to lead to anisotropic magnon gaps
[22, 23].

As yet all previous polarized neutron scattering studies
have been focused on the iron-based superconductors with
both electron and hole pockets [14—-19, 24, 25]. The reso-
nance modes have also been observed in electron-doped iron-
selenide superconductors with no hole pockets [26—30], but
the spin anisotropy in these materials remains to be explored.
The recently synthesized electron-doped iron-selenide super-
conductor Lig gFey,OHFeSe (7. = 41 K) has attracted great
interest as it has no hole pockets at the zone center but has
a relatively high 7. (figure 1(a)) [31-34]. LiygFey,OHFeSe
is ideal for polarized neutron scattering measurements as it
is hitherto the only electron-doped iron-selenide supercon-
ductor that phase-pure and large-size single-crystalline sam-
ples can be grown. Previous unpolarized neutron scatter-
ing measurements on polycrystalline [35] and single crys-
talline (Li,Fe)ODFeSe [36] revealed that the resonance modes
appear away from the stripe magnetic wavevector (7,0). This,
together with the facts that Lij sFep ,ODFeSe does not exhibit
magnetic or nematic order associated with the FeSe plane,
suggests that the influence of the remnant static or quasi-
static magnetic/nematic order should be minimized. There-
fore, LipgFep,ODFeSe is ideally suitable for revealing the



J. Phys.: Condens. Matter 33 (2021) 45LTO1

P Letters

intrinsic properties of the resonance mode and their interplay
with superconductivity.

In this paper, we use polarized neutron scattering to
study the low energy spin fluctuations of single crystalline
LiggFeg,ODFeSe (T. =41 K) below and above T.. Our
experiments confirmed that the resonance mode near 21 meV
is magnetic. Moreover, the spin excitations are isotropic in spin
space below 29 meV within the error of the measurements
in the superconducting and normal states. These results are
in agreement with the scenario that the resonance mode is an
isotropic spin-triplet exciton.

Lig gFep,ODFeSe single crystals were synthesized by the
hydrothermal ion-exchange method [37]. K,Fe,_,Se, single
crystals were first grown using the flux method [30]. The start-
ing materials were high-purity K pieces, Fe powder, and Se
pieces with the nominal composition Ky gFe,Se,. The reac-
tion mixtures were sealed in evacuated double-walled quartz
ampoules and heated to 1030°C, and then slowly cooled to
730°C within 100 h before shutting off the heating power of
the furnace. The obtained K,Fe,_,Se, single crystals show
a superconducting transition temperature of ~31 K. Around
0.6 g of K,Fe,_,Se; single crystals were cut into thin plates
with the widest faces perpendicular to the ¢ direction before
mixing with Fe powder (0.3 g), Li,O (0.01 mol), selenourea
(0.0075 mol) and lithium deuteroxide solution (~10 ml) in a
Teflon-line steel autoclave. The autoclave was tightly sealed
and heated to 120°C for 5 days, then naturally cooled down
to room temperature. The obtained Liy gFep ,ODFeSe crystals
were washed with deionized water using a Biichner flask with
circulating pump. We note that deuteroxide was used during
the growth to reduce the incoherent scattering from hydrogen
atoms for the neutron scattering measurements.

Magnetic susceptibility and in-plane resistivity measure-
ments on LiggFeyp,ODFeSe single crystals from the same
batches as the neutron scattering crystals show a sharp super-
conducting transition temperature of 41 K [figures 1(c) and
(d)], which indicates the high quality of the crystals. Refine-
ment results from powder x-ray diffraction on grind single
crystals are consistent with previous reports [34, 36].

Polarized neutron scattering experiment was carried out
on IN22, CRG-CEA thermal triple-axis spectrometer at Insti-
tut Laue-Langevin (ILL) in Grenoble, France. The final neu-
tron wavevector was fixed at k; = 2.664 A~!. The Heusler
monochromator and analyzer were used for the experiment.
We coaligned ~ 4 g LijgFep,ODFeSe single crystals in the
(H, K, 0) scattering plane with a mosaicity of ~3.4°. The
flipping ratio, determined on the (100) nuclear Bragg reflec-
tion by the leakage of non-spin-flip (NSF) channel into spin-
flip (SF) channel, approximates to R = ope,/0free = 10.
No corrections were done for the instrumental polarization
leakage. In this experiment we defined the neutron polariza-
tion directions as x,y, z with x parallel to Q, y perpendicular
to Q and in the scattering plane, and z perpendicular to the
scattering plane. In figure 1(b), the green arrows indicate the
direction of neutron polarization and the red ellipses repre-
sent scattering signals in reciprocal space in one-Fe unit cell
in Lig gFep ,ODFeSe adapted from reference [36]. In a neutron
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Figure 2. (a) Constant energy scans of 03", o3 and o3 through
the resonance wavevector (0.5, 0.69, 0) along the K direction for
E=21meVat2K. (b) M, = oF—¢5F and M, = o3F—o5F deter-
mined from data in (a). Solid lines were fits using a Gaussian
function on a linear background. No background correction was
performed for all data presented.

scattering process, only the scattering components perpendic-
ular to the momentum transfer Q are probed. With current
experimental geometry, the SF cross sections can be written
as [38]:

oF =M, + M, + BG

o) =M. +BG

oSF =M, + BG. (1)

In equation (1), BG represents the background. M, =
oSt — o5F, M, = o5F — o5F. When the magnetic excitation is
isotropic in spin space, magnetic scattering should have the
same intensity in different orientations, meaning that M, is
equal to M and that 03" is equal to 03"

Figure 2(a) shows the constant energy scans at 21 meV
and 2 K near (0.5, 0.69, 0), where the resonance mode was
observed in our previous unpolarized neutron scattering exper-
iments [36]. It is shown that all three SF channels 03", o3F, and
oSF display well-defined peaks, which confirms that the reso-
nance mode is magnetic. We note that the peaks in O'yS.F , and
o5 exhibit nearly the same peak intensity. This immediately
implies that the magnetic excitation at this energy is isotropic.
In fact, based on equation (1), we can extract M, and M, from
figure 2(a), which displays equal counts within the statistical
error.

In order to determine the energy dependence of the spin
excitation anisotropy, we measured the constant-Q scans for
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Figure 3. Energy scans of ofF, O‘?F , and afF at the resonance wavevector Q = (0.5, 0.69, 0) at 2 K (a), 45 K (c) and the intensity difference
between 2 K and 45 K (d). (d)—(f) Magnetic components M, and M determined from (a)—(c), respectively. Solid lines are a guide to the eye.

three SF cross sections o3, 03" and o5F from 5 meV to 29 meV
at Q = (0.5, 0.69, 0) in the superconducting (T = 2 K) and
normal (7" = 45 K) states. As shown in figure 3(a), scatter-
ing signals in all three SF channels exhibit a peak feature near
21 meV at 2 K, with o5F displaying the highest intensity. This
is consistent with the Q-scans. On warming to 45 K above
T., the peak at ~21 meV weakened while the relative inten-
sities among three different cross sections remain essentially
unchanged. With all 3 SF cross sections determined we can
extract M, and M below and above T. It is found that M, and
M have roughly the same intensity from 5 meV to 29 meV
below and above T'.. This corroborates our conclusion that the
spin fluctuations are isotropic in spin space. To elucidate the
interplay between magnetic excitations and superconductivity,
we plot in figures 3(c) and (f) the energy dependence of the
intensity difference between the superconducting and normal
states, which again revealed an essentially isotropic resonance
mode.

The anisotropy of the resonance mode in iron pnictides has
been attributed to the influence of the nearby magnetic/nematic
order phase, as the anisotropic resonance excitations are rather
similar to the spin wave excitations with anisotropic magnon
gaps in the magnetically ordered parent compounds [22]. This
is supported by the fact that the resonance mode in overdoped
BaFe, gsNip 15Asy (T = 14 K) becomes essentially isotropic
in spin space [39]. On the other hand, recent polarized neutron
scattering experiments have revealed anisotropic spin fluctua-
tions even in overdoped Bag 5K sFe,As, [19], which suggests
that the nearby magnetic/nematic order may not be the only

reason causing the spin anisotropy. In fact, band structure cal-
culations and measurements have revealed sizable band split-
ting due to spin—orbit coupling in many iron-based supercon-
ductors [40], which may induce anisotropic spin excitations
even in overdoped samples. However, a close inspection of
the band structure measurements and calculations show that
the band splitting mainly occurs in the hole bands near the
zone center, while the band splitting in the electron bands
near the zone corner is less significant [20, 40, 41]. Since
Lip sFep,ODFeSe has no hole pockets near the zone center
and the low energy spin fluctuations are likely only related to
the electron pockets near the zone corner, the influence of the
spin—orbit coupling to the low energy spin fluctuations is min-
imized. This naturally explains the absence of the anisotropy
of the low energy spin fluctuations in Lij sFey ,ODFeSe.

To summarize, we present polarized neutron scattering
studies of the low energy spin fluctuations in iron-selenide
superconductor LiygFep,ODFeSe with only electron Fermi
pockets. Our data unambiguously demonstrate that the res-
onance mode near 21 meV is magnetic. Moreover, contrary
to the many iron pnictide superconductors with anisotropic
low energy spin fluctuations, the low energy spin excitations
in LiggFey,ODFeSe (7. = 41 K) are isotropic in spin space
within the accuracy of the measurements in both the supercon-
ducting and normal states. The diminished anisotropy of spin
fluctuations is likely due to the absence of the static or quasi-
static magnetic/nematic order and the weakened spin—orbit
coupling effects on the electron pockets in Lij sFeg ,ODFeSe.
The observed isotropic resonance mode in Lij gFey,ODFeSe
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Figure A1. Observed and calculated x-ray powder diffraction _
pattern collected at 300 K, with the x-ray wavelength of 1.54 A.

Table 1. Fitting parameters of constant energy scans in
figure 2.

Yo A b X¢ w
SF, 3.94(32) 1.55(16) —1.16(44) 0.70(1) 0.058(8)
SF, 3.16(23) 0.88(10) —0.78(31) 0.69(1) 0.070(10)
SF. 2.82(13) 0.9021) —0.19(15) 0.69(7) 0.055(17)
MM, 0.8 0.68(18) —0.41(19) 0.69  0.045(18)

is similar to those of cuprate superconductors, and is consis-
tent with an isotropic spin-triplet exciton of the singlet Cooper
pairs with a sign-reversed superconducting gap function.
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Appendix A

A.1. Powder x-ray diffraction of Lip gFeo,ODFeSe

X-ray diffraction measurement at 300 K has been performed
on the polycrystalline sample ground from the single crys-
tals (figure A1l). The refined lattice parameters a = b = 3.786
39(24) Aandc=9.312 17(48) A are consistent with previous
reports [34, 36].

A.2. Fitting parameters of constant energy scans

Constant energy scans in figure 2 were fitted with Gaussian
profiles on a slope background [table 1]:

I=yo+bx+Aexp /2% (A1)
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