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There are few inelastic neutron scattering (INS) reports on the superconducting single crystals of the
FeAs-1111 system, even though it was first discovered in 2008, due to the extreme difficulty in large single-
crystal growth. In this paper, we have studied the low-energy spin excitations in optimally electron-doped
CaFe 33Coy 12 AsF single crystals with 7. = 21 K by INS. The resonance energy of the superconducting spin
resonant mode with E;, = 12 meV amounts to 6.6kg7T;, which constitutes a large E,/kgT; ratio among iron-
based superconductors. The large ratio implies a strong coupling between conduction electrons and magnetic
excitations in CaFe( gsCoyg 1, AsF. The resonance possesses a magnonlike upward dispersion along the transverse
direction due to the anisotropy of the spin-spin correlation length within the ab plane in the normal state, which
points to a spin fluctuation mediated sign-reversed s+ wave pairing in CaFe gsCog 12 ASF.

DOI: 10.1103/PhysRevB.107.184516

I. INTRODUCTION

Neutron spin resonance is commonly observed in the su-
perconducting (SC) state of copper oxide [1,2], heavy fermion
[3,4], iron pnictide, and iron chalcogenide superconductors
[5,6]. Neutron spin resonance is a collective magnetic exci-
tation occurring below the SC critical temperature 7. with
a temperature dependence of its intensity similar to the SC
order parameter [7]. The energy of the resonance E; at the
antiferromagnetic wave vector Qapy is found to be propor-
tional to 7, for a variety of unconventional superconductors
[8,9]. The most common interpretation of the resonance is
that it is a spin exciton, which arises from particle-hole-type
excitations involving nearly parallel, or nested, sections on
the Fermi surfaces that possess opposite signs of the super-
conducting pairing [7,10]. In iron-based superconductors the
spin resonance is regarded as the hallmark of sign-reversed
s+ wave pairings with Bogoliubov quasiparticles in the su-
perconducting state connected by Qapy [11-19] and reveals
an upward magnonlike dispersion [20,21]. Moreover, whether
the corresponding spin excitations above 7; have sufficient
spectral weight can reveal their qualification to be regarded
as pairing bosons.

As a prototypal FeAs-1111 system, the parent compound
CaFeAsF has a ZrCuSiAs-type tetragonal structure, as shown
in the right inset of Fig. 1(a). The system undergoes a tetrag-
onal to orthorhombic phase transition at 134 K, whereas
antiferromagnetic order further sets in at 114 K. The antiferro-
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magnetic order is completely suppressed in optimally doped
CaFe( 33Coq.12AsF [22]. The temperature dependence of re-
sistivity for the single-crystal CaFe( ggCoq.12AsF is shown in
Fig. 1(a). The resistivity as a function of temperature drops
down (or falls) gradually with a decrease of temperature in
the range above 90 K. Below 90 K, the resistivity exhibits
a clear upward semiconducting behavior and a sudden drop
at 7. = 21 K. Here, we report an inelastic neutron scattering
(INS) study on the low-energy spin excitations in optimally
electron-doped CaFe(gsCoq 12ASF single crystals. We find
that the resonance energy E; = 12 meV amounts to 6.6kg T
contrary to 3.7kgT;. (E; =7 meV) in a previous INS report
on a powder sample [23]. Also, the resonance possesses a
magnonlike upward dispersion along the transverse direction
due to the anisotropy of the spin-spin correlation length within
the ab plane in the normal state.

II. EXPERIMENTAL METHODS

Our neutron scattering experiment was carried out on
IN8-thermal neutron three-axis spectrometer at Institut Laue-
Langevin, Grenoble, France. The study was enabled by a
recent breakthrough in the crystal-growth technique for the
CaFeAsF compound family, where we utilized temperature
oscillations during the growth [24]. We used a horizon-
tally and vertically focused pyrolytic graphite [PG (002)]
monochromator and analyzer with a fixed scattered (final)
energy Ey = 14.7 meV. The high-order harmonics from the
PG (002) monochromator are suppressed by an oriented PG
filter in the scattered beam. The sample consisted of over
300 pieces of CaFe(ggCop 12AsF single crystals with a to-
tal mass of about 1.0 g which were grown by a similar

©2023 American Physical Society
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FIG. 1. (a) Temperature dependence of resistivity, crystal struc-
ture, and single-crystal picture. (b) Temperature difference of the
imaginary part of the magnetic susceptibility x”(Q, w) by an energy
scan between the normal state at 7 = 25 K and the superconducting
state at 7 = 1.5 K for Qapm = (0.5, 0.5,0) and E ranging from 2
to 14 meV. The black line is a guide to the eyes. (c) Temperature
difference of the imaginary part of the magnetic susceptibility by
a transverse and longitudinal Q scan between the normal state at
T =25 K and the superconducting state at 7 = 1.5 K for £ =5,
7.5, 10, 12, and 14 meV, respectively. The blue and green lines are
fitted by a Gaussian function. The red line is a guide to the eyes.

temperature oscillating technique (see Supplemental Material
[25]). As shown in the left inset of Fig. 1(a), these crystals
were coaligned within 6° mosaicity in the (H, K, 0) scattering
plane on aluminum plates using a hydrogen-free adhesive.
Here and throughout this paper, the wave vector Q is ex-
pressed in reciprocal lattice units (r.l.u.) as (H, K, L). Using
the tetragonal crystal structure, the wave vector, expressed
in inverse angstroms, is Q = [(2n/a)H 2r /a)K, (271/c)L]
with lattice parameters a = 3.87 A and ¢ = 8.58 A. Raw
data were converted into the imaginary part of the magnetic
susceptibility x”(Q, w) after subtracting estimates of the non-
magnetic background and correcting for the Bose population
factor (see Supplemental Material [25]).

III. RESULTS AND DISCUSSION

Figure 1(b) shows the temperature difference of the
imaginary part of the magnetic susceptibility x”(Q, w) for
CaFe gsCog. 12 ASF between the normal state at 7 = 25 K and
the SC state at T = 1.5 K with Qapy = (0.5, 0.5, 0) in tetrag-
onal coordinates and energy transfer £ = 2—14 meV. Below
T., we observe a suppression of the low-energy magnetic
response as compared to the normal state below E = 7.5 meV,
followed by a net enhancement of the spin susceptibility at
E. = 12 meV. The enhancement of the spin susceptibility in
the SC state is a hallmark of spin resonance excitations. That

energy is noticeably larger than the resonance peak which has
been previously attributed at 7.5 meV in a powder sample of
CaFe( g3Cop.12AsF [23] where all crystal orientations are nec-
essarily averaged out. Clearly, no resonance peak is observed
at that energy in our data. Our analysis of the difference of the
energy scans at 1.5 and 25 K at Qapy is further confirmed by a
similar measurement at another antiferromagnetic point with
larger momentum Qapv = (1.5,0.5,0) [Fig. S1(d)] [25].
The peak is weaker due to the magnetic form factor but it is
peaked at the same energy (E; = 12 meV). That difference
in temperature, which is the usual way to determine the reso-
nance energy [26,27], was not performed in the previous study
[23]. Instead, the resonance energy was determined using an
extrapolation of the phononic background. As shown by our
energy scans at different sample orientations [Fig. S1(a)] [25],
the background is clearly not monotonic as assumed in the
powder sample study [23]. The measurements on the powder
sample show two maxima in the raw data at £ = 7.5 meV
and E = 11 meV, likely due to additional phonon peaks in
the neutron spectra. We believe the attribution of a resonance
peak energy at 7.5 meV is therefore incorrect and incompat-
ible with our detailed and thorough analysis done on single
crystals. As we know, the resonant peak energy E; in other
iron-based superconductors corresponds to 4.9kg7; on aver-
age, which is only slightly different from E. =~ 5.3kgT. for
the cuprates and suggests a universal correlation between the
superconductivity and the spin excitations in these unconven-
tional superconductors [26,28]. Notably, the resonance energy
E. here amounts to 6.6kgT;, which means that the ratio of
E./ksT. is one of the highest values among the previously
reported values of E, /kgT; in iron-based superconductors and
might imply a stronger coupling between free electrons and
magnetic excitations in this material compared to the other
pnictides.

As shown in Fig. 1(c), a magnonlike dispersion of spin
resonance is confirmed by the temperature difference of
constant-energy Q scans between the susceptibility in the
normal and SC states. The resonance disperses upward away
from Qapm = (0.5, 0.5, 0) along the transverse (H, 1 — H, 0)
direction. As the energy is increased, the resonance peak
broadens and finally splits into two symmetric peaks around
Qarm at E = 14 meV, indicating the spectral weight pro-
gressively moves away from Qapv. In contrast, along the
longitudinal (H, H,0) direction in our scattering geome-
try, we find that there is no indication of variation of the
feature’s momentum position versus energy. This observa-
tion is consistent with previous work on electron-doped
Ba(Fe.963Nig037)2As, where the resonance is found to peak
sharply at Qapm along the longitudinal direction, but dis-
perses upward away from Qxpy along the transverse direction
[21]. Also, there exists a ringlike upward dispersion of spin
resonance away from Qapy along both the longitudinal and
transverse direction in Bag 7Kg 33(Fe;_,Co,)2As, [20]. In
contrast, a downward dispersion of spin resonance was ob-
served in the KCa,Fe4As4F, superconductor [29], a behavior
closely resembling the low branch of the hourglass-type spin
resonance in cuprates [7]. Theoretical calculations within the
spin-exciton model for iron-based superconductors predict
both an upward and a downward dispersion depending on the
details of the bands and the symmetry of the superconducting
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FIG. 2. (a) Schematic diagram of longitudinal and transverse
scan. Q & 18° marked in the Brillouin zone are measured by ro-
tating the sample by £18° and used to subtract the nonmagnetic
background. (See Fig. S1 in the Supplemental Material.) (b)—(e)
Longitudinal Q scans of the imaginary part of the magnetic suscep-
tibility x”(Q, w) at various energy transfers in the normal state at
T = 25 K (red triangle) and the superconducting state at 7’ = 1.5 K
(black triangle). (f)—(j) Transverse Q scans of the imaginary part
of the magnetic susceptibility x”(Q, w) at various energy transfers
and temperatures. The solid lines are fitted by a Gaussian function
except for the Q scan at 7 = 1.5 K and E = 14 meV (f) which is
fitted by summing a Gaussian function (Q scan at 7 =25 K and
E = 14 meV) and two symmetric Gaussian peaks. The double-peak
structure of the Q scan at 7 = 1.5 K and £ = 14 meV (f) can be
clearly shown in the blue shaded area with a flat background. The
background was estimated by the Q scans. (See Figs. S2 and S3 in
the Supplemental Material [25].)

order parameter [13,30-32]. In an s+ superconducting pairing
state driven by commensurate short-range spin fluctuations,
the resonance mode disperses with increasing energy in an
anisotropic pattern broadening most rapidly along the trans-
verse rather than the longitudinal direction and displays an
elliptical shape of the spin resonance mode in Q space [30] as
shown in the schematic diagram in Fig. 2(a).

The Q-space anisotropy of the spin resonance in the SC
state may be associated with the normal-state anisotropic scat-
tering pattern found locally around Qapym, Which is a conse-
quence of the fermiology, the shape of the electron- and hole-
like pockets involved in the particle-hole excitation process.
The close relationship between the upward spin resonance
dispersion and normal-state spin fluctuation anisotropy can be
illustrated from constant-energy Q scans in the normal and
superconducting states in the vicinity of Qapm = (0.5, 0.5, 0),
focusing on the longitudinal and transverse direction as dis-
played in the schematic diagram of Fig. 2(a). Background
scattering measured by rotating the sample by +-18° has been
removed in order to display the genuine magnetic signals.
Figures 2(b)-2(j) show the imaginary part of the magnetic sus-
ceptibility x”(Q, w) for CaFe ggCoy.12 AsF at various temper-
atures and energy transfer E along the longitudinal and trans-
verse Q scans, respectively. With increasing energy the widths
of the respective peaks at the corresponding temperatures
and scan directions become broader. Notably, the longitudinal
scans show much steeper line shapes than the transverse scans.
The signal’s transverse momentum profile is further found to
become broader with increasing temperature [Figs. 2(g) and
2(j)] along with a decrease in the peak amplitude.

To clearly illustrate the Q-space anisotropy, we compare
the full width at half maximum (FWHM) between transverse
and longitudinal scans in Fig. 3(a), in both the SC and the
normal states. The FWHM of the peak obtained by Gaus-
sian fitting is associated with the spin-spin correlation length.
The FWHM of the transverse scan is apparently larger than
that of the longitudinal scan. The difference in linewidth of
the longitudinal (narrower) and transverse (broader) scans is
not due to the instrument resolution but from the intrinsic
anisotropy in momentum Q space of the spin fluctuations.
Actually, the instrumental resolution is roughly isotropic in
the experiment. Therefore, the double-peak structure does not
show up in longitudinal scans as the peak is sharper along
that direction compared to the transverse scans. Within the
probed energy range (E = 5-14 meV), the widths of spin
excitations increase monotonically with increasing energy.
Figure 3(b) shows the temperature dependence of the spin
excitation widths along the transverse direction at £ = 5 and
12 meV. The temperature-dependent broadening of spin ex-
citations indicates a gradual reduction in the spin-correlation
length with temperature, which has also been observed in
LaFeAsO and Co/Ni/K-doped BaFe;As; (see Refs. [33-35]
and references therein).

Figure 3(c) shows the energy dependence of the imaginary
part of the magnetic susceptibility x”(Q, w) at T = 1.5 and
25 K and Qapm = (0.5, 0.5, 0). The spin susceptibility devel-
ops with increasing energy, shows a hump around 10 meV,
and then decreases gradually as the FWHM broadens with
energy [Fig. 3(a)]. Figure 3(d) displays the detailed temper-
ature dependence of the magnetic susceptibility x”(Q, w) for
E =5 and 12 meV and Qapv = (0.5, 0.5, 0), which shows
pronounced anomalies around 7. The observation is consis-
tent with a redistribution of the scattering intensity, which may
also involve momenta slightly away from Qaprym as shown by
the gradual increase of the FWHM in Fig. 3(b).

Given the intrinsic nature of the anisotropy of spin fluc-
tuations in CaFe(ggsCoq 12AsF, one arrives at the conclusion
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FIG. 3. (a) Energy dependence of the FWHM of spin excitations
at T = 1.5 and 25 K along the longitudinal and transverse directions.
(b) Temperature dependence of FWHM of spin excitations at E = 5
and 12 meV along the transverse direction. (c) Energy dependence
of the imaginary part of the magnetic susceptibility x”(Q, w) at
T =1.5 and 25 K and Qapv = (0.5, 0.5, 0). The background was
estimated by the measurement with a 18° deviation of the A3 angle.
(See Fig. S1 in the Supplemental Material [25].) (d) Temperature
dependence of the imaginary part of the magnetic susceptibility
x"(Q,w)at E = 5and 12 meV and Qapy = (0.5, 0.5, 0). The back-
ground was estimated by the Q scans at various temperatures. (See
Fig. S3 in the Supplemental Material [25].) All the lines are guides
to the eyes.

of a close relationship between the upward dispersion of the
spin resonance and the anisotropic spin fluctuations in the
normal state. The fully gapped s+ wave superconductivity
can be driven by short-range spin fluctuations which generally
exhibit an anisotropy in momentum space, with the Q width
larger along the direction transverse to Qapy than along the
longitudinal direction, and can be understood by examining
the intraorbital scattering processes in systems away from
perfect nesting [30]. The same type of anisotropy in the SC
state gives rise to an elliptical shape of the spin resonant
mode which disperses with increasing energy in the pattern
broadening more rapidly along the transverse than along the
longitudinal direction [30]. A more elliptically shaped Q im-
age of the spin resonant mode can be produced by the intrinsic
anisotropy in momentum space associated with anisotropic
dispersion of the resonant mode [30].

IV. CONCLUSION

In conclusion, we have observed a sharp superconduct-
ing spin resonance at a resonance energy E. = 12 meV. The
magnonlike dispersion of spin resonance can be attributed
to the Q-space anisotropy of spin excitations in the normal
state of optimally doped CaFe( ggCoq.12AsF, and it indicates
sign-reversed s+ wave pairing possibly mediated by magnetic
fluctuations.
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