Role of Nematic Fluctuations on Superconductivity in FeSe4;Te, 535 Revealed by NMR
under Pressure
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The relationship between antiferromagnetic (AFM) spin fluctuations (SF), nematic fluctuations,
and superconductivity (SC) has been central to understanding the pairing mechanism in iron-based
superconductors (IBSCs). Iron chalcogenides, which hold the simplest crystal structure in IBSCs,
provide a good platform to investigate the relationship. Here, we report 7'Se and 2°Te nuclear
magnetic resonance studies of FeSeg.47Teo.53, which is located close to a nematic quantum critical

point (QCP), under pressures up to 1.35 GPa.

Both the superconducting critical temperature

and AFMSF were found to be enhanced under pressure, which suggests a correlation between SC
and AFMSF in FeSeg 47Teo.53. However, the contribution of AFMSF to SC in FeSeg 47Teo.53 was
found to be much less compared to that in FeSe;_. Sz, suggesting that nematic fluctuations play a
dominant role in the SC in FeSe;_,Te, around the nematic QCP.

The interplay between magnetic fluctuations, elec-
tronic nematicity and the unconventional superconduc-
tivity (SC) has received wide interest after the discovery
of SC in iron pnictides [1]. In many of the iron pnictide
superconductors, by lowering temperature (T'), the crys-
tal structure changes from high-T tetragonal (Cy sym-
metry) to low-T' orthorhombic (Cy symmetry) around
a system-dependent Néel temperature Ty, below which
long-range stripe-type antiferromagnetic (AFM) order
emerges [2-4]. Nematicity is associated with this struc-
tural transition that breaks Cy symmetry and is charac-
terized by the development of in-plane anisotropy in the
electronic properties. SC in these compounds emerges
upon suppressing both the structural (or nematic) and
magnetic transitions by carrier doping and/or applying
pressure (p). Although this suggests a close relationship
between AFM and nematic phases, it also makes a diffi-
culty to separate the individual contribution to SC.

In this context, CaK(Fei_,M,)4sAsy (M = Co, Ni,
Mn, Cr) is a rare and novel SC system which exhibits
only AFM state called a hedgehog spin-vortex crystal
(HSVC) without nematic phase transition [5-8]. From
nuclear magnetic resonance (NMR) measurements, a pos-
sible HSVC AFM quantum critical point (QCP) has been
reported around z ~ 0 where the AFM spin fluctuations
(SF) play an important role in the appearance of SC [9].

The S or Te substituted FeSe system also provides a fa-
vorable platform for the study of the impact of nematicity
or antiferromagnetism on SC independently [10-14]. In
contrast to the CaK(Fej_,M,)4Ass system, the super-
conductor FeSe (x = 0) with a critical temperature of T,
= 8.5 K exhibits only a nematic phase transition at Ty e,
= 90 K without AFM ordering at ambient p [10, 15, 16].
S or Te substitutions for Se in FeSe result in intriguing
phase diagrams as shown in Fig. 1(a).

In the case of the S substitution, the nematic phase
[the green region in Fig. 1(a)] is gradually suppressed

and disappears around a nematic QCP z.g ~ 0.17 [11].
In contrast, T first increases from 7, = 8.5 K up to 10
K around z = 0.09 [17-19], then drops to T, ~ 5 K at
Z.,g without any enhancement of T around the nematic
QCP [SC2 region in Fig. 1(a)]. Above z.g, T becomes
nearly independent of z [SC1 region in Fig. 1(a)] and the
fully replaced FeS is still a superconductor with 7, = 5
K [20]. As in the case of FeSe, no AFM state has been
observed in FeSe;_,S, at ambient p. Nevertheless, NMR
measurements reveal clear correlations between 7T, and
nuclear spin-lattice relaxation rate 1/77 [21-25], but in
different ways in the Cy and Cy phases [26-32], showing
the importance of spin fluctuations in FeSe;_,S,.

In the Te-substitution case, T, initially decreases to a
local minimum at z ~ 0.3 and then starts increasing to-
wards the board maximum around x = 0.6, making two
different SC regions (SC2 and SC3) as shown in Fig. 1(a)
in FeSe;_,Te, [14]. It is reported that, from the ela-
storesistivity and upper critical field measurements on
FeSe;_,Te,, the enhancement of T; is around the pure
nematic critical point z.7. ~ 0.5 where the nematic
phase disappears and a diverging nematic susceptibility
was observed [14, 33, 34]. At very close to FeTe above
x ~ 0.9, the AFM state with the bicollinear magnetic
structure can be observed where Ty increases from 32 K
at * = 0.94 to 76 K at # = 1 [35]. The two distinct
SC regions were clearly demonstrated by applying mag-
netic field H [33]. At yoH = 14 T, T, around z = 0.3
in FeSe;_,Te, is strongly suppressed leading to two split
SC regions originating from SC2 and SC3 (note SC1 is
completely suppressed at this H) [33]. The SC2 regions
shrunk leading to a SC dome in S-substituted region cen-
tered around x = 0.1 on FeSe;_,S, with T, ~ 2 K is
observed, and it disappears completely at pgH = 30 T
[33]. In contrast, the SC dome centered at = 0.6 in
FeSe;_,Te, persists at 30 T and, survives even at pugH
=46 T at x close to the nematic QCP, suggesting that
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FIG. 1. (a) Phase diagrams in FeSe;_,Te, and FeSe1_.S, (note the vertical axis is in log-scale). z. indicates the nematic

QCP. SC1, SC2, and SC3 are three different SC regions [33]. The data in triangles (T

) and squares (Them) are from Ref. [13],

the data in circles (Ti) are from Ref. [35], and the data in stars(7T.) are from Ref. [25] and the present study. (b) 7'Se and
125T¢ NMR spectra of FeSep.47Tep.ss at T = 15 K and 70 K for H || ab and H || ¢. (c¢) T dependencies of the 7Se and ?°Te
Knight shifts K. x(7) and 7" K (right axes) for H || ab and H || ¢ are shown in (d) and (e), respectively. The upturns in x(7")
below ~ 50 K are due to impurities that follow Curie behavior ximp = C/T with C = 0.0018 cm®/mol for both directions, as

shown in black lines. The open circles are corrected x(T") by subtracting Ximp (See text).

Insets: K(T') versus x(T') for the

corresponding ab and ¢ components of K. The solid lines are linear fits. (f) T dependencies of ""Se and '*Te 1/T1T. The
inset shows the semi-log plot of 1/77 vs. 1/T. The orange solid curves below T, are calculated results using a full-gap model.

nematic fluctuations play an important role in the ap-
pearance of SC in FeSe;_,Te, near x.re [14, 33]. It is
also interesting to point out that, although FeSe;_,Te,
has been studied less than FeSe;_,S, due to its higher
inhomogeneity originating from the difficulty in synthe-
sizing FeSe;_,Te, single crystals [36], FeSe;_,Te, has
been considered as one of the platforms for topological
superconductivity, evidenced by scanning tunneling spec-
troscopy and angle-resolved photoemission spectroscopy
measurements [37-41]. These characteristics also under-
line the importance of understanding the superconduct-
ing mechanism in FeSe;_,Te,.

It is therefore crucial to investigate in detail how the
magnetic fluctuations correlate with 7T, in FeSe;_,Te,.
Usually, such studies can be performed by NMR mea-
surements on different Te content samples with different
T. in FeSe1_,Te,. On the other hand, it has been shown
that T¢ largely depends on p in FeSe;_,Te, [13], which
provides a good opportunity to study it without chang-
ing samples. In this Letter, we report the results of 7"Se
and 2°Te NMR measurements on FeSeg 47 Teq 53, which
is close to the nematic QCP [Fig. 1(a)], to investigate
the relationship between SC, nematic fluctuations, and
AFMSF. Owing to the sensitivity of T, on p, by carry-
ing out NMR measurements up to 1.35 GPa, we found
that the contribution of AFMSF to SC in FeSeq 47 Teq 53
is much less compared to that in FeSe;_,S,,, and nematic
fluctuations can be the source of SC in FeSeq 47Teq 53.

Single crystals of FeSep 47Teg 53 (T. = 14.7 K at am-
bient p under H = 0) were prepared using the chemical
vapor transport technique following Ref. [14], and de-
tails are given in the Supplemental Materials (SM) [42].
125Te (I =1/2, yn /27 = 13.454 MHz/T) NMR was mea-
sured at ambient p, while 7"Se (I = 1/2, yn/27 = 8.118
MHz/T) NMR was measured up to 1.35 GPa [43]. NMR
spectra were obtained by sweeping frequency at puoH =
7.4089 T or sweeping H at constant frequencies. 1/T;
was measured with a saturation recovery method [46]. T,
was determined by ac susceptibility measurements [42].
Magnetic susceptibility was measured at pugH = 7 T us-
ing a SQUID magnetometer (Quantum Design, MPMS).

Figure 1(b) shows the typical ""Se and ?Te NMR
spectra of FeSeg 47Teg 53 in the normal state at T = 15
K and 70 K for H parallel to the ab plane (H | ab) and
H parallel to the ¢ axis (H || ¢) (T, = 13.7 K (12.5 K)
under H || ab (H || ¢) of 7.4089 T [42]). All spectra ob-
served are a little asymmetric, which could be due to a
slight distribution of the hyperfine coupling constants A
of the Se and Te sites. The full width at half maximum
(FWHM) of the 7"Se NMR spectra decrease almost lin-
early from 85 and 120 Oe at 100 K to 53 and 94 Oe at
15 K for H || ab and H || ¢, respectively. A similar T'
dependence of the FWHM is observed in the 12°Te NMR
spectra where the FWHM decreases from 183 and 242
Oe at 100 K to 100 and 137 Oe at 15 K for H || ab and
H || ¢, respectively. The FWHM of 12°Te NMR spectra
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FIG. 2. T dependencies of the "Se K, (a) and K. (b) under various p. Downward arrows indicate T, under puoH = 7.4089 T
for each H direction. Insets show the 7"Se NMR, spectra at T' = 20 K under various p for H || ab (a) and H || ¢ (b). (c)-(e) T
dependencies of 7"Se NMR 1/T1T (left axes) at various p with H || ab (magenta circles) and H || ¢ (gray circles). The arrows
indicate T. under 7.4089 T [42]. The green curve for each panel (right axes) shows the T dependence of CKZ, ., where Kepin,c
is the spin part of K. estimated by subtracting the T-independent Ky and C' is a scaling factor. For all p, 0.175% and 9.5 are
used for Ko and C, respectively. The insets in (c)-(e) show the T" dependence of the ratio r = (1/T1T)as/(1/T1T)c. The two
horizontal lines represent the expected values for stripe-type (r = 1.5) and Néel-type (r = 0.5) AFMSFs, respectively.

is 1.5-2.1 as large as that of 7"Se NMR spectra, which
is mainly due to the different A, as shown below. It is
also noted that the FWHM of the 7"Se NMR spectra in
FeSeq 47 Teg 53 are 3~5 times that in FeSeq.g.71 Teg 29, due
to the higher inhomogeneity in FeSe;_,Te, as mentioned
above (See the comparison in SM).

The T dependencies of 7"Se and '?*Te Knight shifts
(""K and '25K) under H || ab (K4) and H || ¢ (K.) are
shown in Fig. 1(c). Both K, and K, for 7"Se and ?°Te
nuclei decrease with decreasing T and exhibit further
reduction below T, suggesting a spin-singlet SC state.
This T' dependence is qualitatively consistent with pre-
vious studies on similar compounds of z = 0.58 [47], 0.5
[48], 0.67 [49], and 0.6 [50] in FeSe;_,Te,. The T depen-
dencies of Ky, and K. of 7"Se and '°Te are also con-
sistent with those of the magnetic susceptibilities x(7')
shown in Figs. 1(d) and 1(e), except for the low T" where
the upturns were observed. The upturns in x(7") at low
T, therefore, can be not intrinsic and arise from a small
amount of paramagnetic impurities. The impurity con-
tributions were assumed to be of Curie form and were
subtracted from the observed x(7T') so as to match the T
dependencies of 77K with the corrected x(T') shown by
open circles [see Figs. 1(d) and 1(e)]. In fact, the linear
relation between the Knight shifts K and the corrected
X can be seen in the insets of Figs. 1(d) and 1(e) where
K, and K, for 7"Se and '?®Te are plotted against the
corresponding corrected .5 and ., respectively.

As K is the sum of the T-dependent spin part Kgpin
and a T-independent orbital part Ky (that is, K(T) =
Ko+ Kepin) and Kgpin is proportional to the spin suscep-
tibility Xspin through the hyperfine coupling constants A,
the slope provides an estimate of A. From those slopes,
the values of A for 125Te (7"Se) are estimated to be 125 A,
=7.0(7) T/up (""Aap = 4.3(4) T/pug) and 12° A, = 7.2(7)
T/ug (A, = 4.1(4) T/ug) for H || ab and H || ¢, re-
spectively. These A values are greater than the 12°A,, =
3.63 T/up and A, = 4.88 T/up (""A. = 2.85 T/ug)

in Fey 04Seq.33Teq.67 [49] but are comparable to 77 Ay, =
3.585 T/up and "7 A, = 4.37 T/ugp in FeSe [25].

To investigate the dynamical properties of the com-
pound, we measured 1/777T for both nuclei under the
two H directions whose results are shown in Fig. 1(f).
Although the 1/T1T values of ""Se and ?°Te are differ-
ent due to the difference in the A values and the nuclear
gyromagnetic ratio, 1/77T for both nuclei shows a simi-
lar T' dependence where 1/T7T decreases as T' decreases
and becomes nearly constant below ~ 50 K within our
experimental uncertainty. Below 7. (shown by arrows
in Fig. 1(f)), 1/T1T’s for both nuclei decrease exponen-
tially due to the opening of SC gap, which may suggest
a fully gapped SC state. In fact, as shown in the in-
set of Fig. 1(f), an exponential decrease of 1/7T} can be
seen in the semi-log plot of 1/77 vs. 1/T from which
the gap magnitude is estimated to be A/kpT, = 2.4(3)
within our experimental 7' range measured. A similar
exponential behavior of 1/} in the SC state has been
reported in FeSeq 40 Teq 58 with a slightly larger gap mag-
nitude of A/kgT. = 3.0 [47]. The STM measurements
also show a full-gap SC in optimally Te substituted FeSe
[51]. However, the SC-gap structure is still controversial.
A nodal gap structure has been suggested from '2°Te
NMR measurements in Fep g4Seq.33Teg.67 where 1/T)
T® just below T, has been reported [49]. In addition,
a SC state with multiple full gaps has been observed
in FeSeq 45Teg 55 by the later STM study [52]. Further
studies are required to clarify the SC gap structure of
FeSe;_,Te, around z = 0.5-0.6.

Now we discuss the magnetic fluctuations in the nor-
mal state, focusing on how it changes with p because T,
largely depends on p [13, 42]. For this purpose, we car-
ried out ““Se NMR measurements under p of 0.55 and
1.35 GPa which leads to an increase in T, from 14.7 K
at ambient p to 17.6 K at 0.55 GPa, and to 19.8 K at
1.35 GPa at H = 0 (see details in the SM [42]). Since
125Te-1/ThT and ""Se-1/T4T show a similar T depen-



dence as described above, here we discuss the SFs using
only "Se-1/T\T data. Generally, 1/TyT is related to
the g-sum dynamical magnetic susceptibility, while the
NMR shift K measures the uniform magnetic suscepti-
bility x'(q = 0,wx = 0). Therefore, by comparing the T
dependence of 1/T1T and K, one can obtain insight into
the T evolution of Zq X" (q,wn) with respect to that of
X'(0,0). To obtain the T dependence of NMR shift at
different pressures, we measured 77Se NMR spectra of
FeSeq.47Teq 53 (see typical observed spectra shown in the
insets in Fig. 2) under p. The obtained T" and p depen-
dencies of the ""K,, and “"K, are shown in Figs. 2(a)
and 2(b), respectively, showing that 7" K, and 7K, are
nearly p independent. Given the nearly p-independent
values of 1/T1T at high-temperature region as described
below, together with the nearly p-independent behavior
of Knight shift, the hyperfine coupling constants are con-
sidered to be nearly p-independent up to at least 1.35
GPa, as in the case of the isostructural FeSe;_,S, [26—
31]. Tt is interesting to point out that, since K is propor-
tional to the density of states at the Fermi energy N (Eg),
the results indicate that N(Er) is nearly independent of
p, although T, changes significantly. This is in contrast to
conventional BCS superconductors, in which N(Er) gen-
erally correlates with T;.. These results suggests that the
SC in FeSe;_,Te, is unconventional rather than conven-
tional which is consistent with the results of the Raman
spectroscopy measurements that reveal the strength of
electron-phonon coupling is insufficient to produce T, ~
14 K in FeSeq 4Teq 6[53].

Here we compare the T' dependencies of 1/T7T with
those of K. Figures 2(c)—2(e) display the T' dependencies
of 1/T4T for both H || ab and H || ¢ at ambient pressure,
0.55 GPa, and 1.35 GPa, respectively. At ambient p as
described above, there is a qualitative similarity in the T'
dependencies of 1/T1T and K above ~ 40 K. However,
below this 7', one can see the different T" dependence
between 1/T1T and K where 1/T7T for both field direc-
tions becomes nearly constant, while K,; and K. keep
decreasing as shown in Fig. 2(a) and 2(b). The devia-
tion at low T can be attributed to the development of
AFMSF with q # 0. Interestingly, at p = 0.55 GPa, the
large enhancements in 1/77T are observed at low T be-
low ~ 60 K although less p effects were detected at high
T. A further enhancement in 1/77T at low T can be seen
at p = 1.35 GPa, indicating a strong enhancement of the
AFMSF under pressure [54]. According to previous NMR
studies performed on IBSCs and their related materials
[55-60], one can obtain the information on the nature of
SFs from the ratio r = T1 /11 qp- In most IBSCs, r has
been found to be ~1.5, corresponding to the stripe-type
AFMSF with q = (7,0) or (0,7). On the other hand, r
= 0.5 is expected for q = (m,7) spin correlations. Note
the wave vectors are given in the single-iron Brillouin
zone notation. As shown in the insets in Figs. 2(c)-(e),
r is in the range of 1 ~ 1.5 for all the pressures, but
never decreases to 0.5. This suggests that the AFMSF's
are characterized with q = (w,0) or (0,7). This is con-
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FIG. 3. Plot of T; at zero field vs (1/T1T)arm. (1/T1T)arm
value is taken at T around 20 ~ 30 K in FeSeg.47Teq.53 and
T = 15 K in FeSei_,S, from Refs. [26, 28]. Black and blue
lines show linear fits for the Cy (closed symbols) and C> (open
symbols) phases of FeSei_5Sz, respectively.

sistent with the inelastic neutron scattering study which
revealed dominant stripe-type AFMSF below ~ 100 K
in FeSe;_,Te, although bicollinear stripe-type AFMSF
also contribute at higher T above 100 K [61].

To explore the relationship between the magnitude
of AFMSF and T, we follow our previous papers for
FeSe;_,S, [26-28] where the observed 1/T1T was de-
composed into the two contributions: g-independent
component (1/77T)o and AFM component (1/T1T)apm-
(1/ThT)o is expected to be proportional to K2 ;. There-
fore, by comparing the observed 1/T7T with Kfpin,
(1/ThT)arm can be estimated. Since (1/T7T)qp is en-
hanced more than (1/T77T)., which is expected for the
case of strip-type AFM spin correlations, we compare
the (1/T1T)ap with K.. The green curve for each panel
(right axes) in Figs. 2(c)-(e) shows the T' dependence of
C’Kfpimc, where C' is a scaling factor. At ambient p,
a good scaling between 1/T\T and CKZ;, . at high T
can be seen in Fig. 2(c), using Ky = 0.175% and C =
9.5. Those values seem to be reasonable as similar C
values (7.75-8.5) and the same K have been reported in
FeSe;_,S, [26, 28]. Since there is no clear change in K,
with pressure, we used the same values of Ky and C' for
p = 0.55 and 1.35 GPa. Thus, the differences between
(1/T1T)ap (magenta circles) and the green curves are at-
tributed to the contributions of AFM spin fluctuations,
(1/ThT) apm-

Figure 3 presents the relationship between T, under
zero H and the magnitude of AFMSF under different p.
Here the magnitudes of AFMSF are represented by the
values of (1/T7T)arMm just above T.. For comparison,
data from previous studies for FeSe;_,S, were also plot-
ted in Fig. 3 [26-28]. In FeSe;_,S,, it was revealed that
T. is proportional to AFMSFs in the Cy (closed symbols)
and Cy (open symbols) phases as shown by black and blue
lines, respectively [26, 28]. It was also pointed out that
the slope for the C4 phase is steeper than that for the



C; state, indicating that the AFMSFs without nematic-
ity enhance T, more than those with nematicity [26, 28].
The origin of different slopes has been discussed in terms
of the different numbers of hotspots on Fermi surfaces
with and without nematicity [28, 62]. Interestingly, both
the Cy and C4 lines for FeSe;_,S, start from around
the origin in the plot, suggesting the SC in FeSe;_,S; is
mainly induced by AFMSFs.

In the case of FeSeq 47 Teq 53, both the AFMSFs and T,
enhance with p and a linear relationship between them is
found as shown by the magenta line in Fig. 3. However,
the slope of this relationship is quite different from those
observed in FeSe;_,S,. The small slope cannot be simply
explained by the number of hotspots as the Fermi sur-
face topology of the very close compound FeSeq 45Teg 55
[41] has been reported to be very similar to the case of
the Cy phase in FeSe;_,S, [28]. Thus the smaller slope
indicates that AFMSFs do not contribute significantly
to the SC in FeSeg 47Teg 53, which is quite different from
the case of FeSe;_,S,. Furthermore, the intercept of the
magenta line in the plot is significantly away from the ori-
gin, indicating a high residual T, value even as AFMSF's
approach zero. This behavior implies that the mecha-
nism of SC in FeSeq 47Teq 53 is not primarily driven by
AFMSFs but likely has another origin which would be
naturally attributed to nematic fluctuations. This inter-
pretation aligns with the observation of a pure nematic
QCP and the enhancement of the SC pairing strength
near this nematic QCP [14, 33].

Recently the importance of nematicity or nematic fluc-
tuations has been actually pointed out in many IBSCs
[10, 11, 13, 24, 63-72]. For example, in LiFe;_,Co,As,
the strongest spin fluctuations were observed in the
sample around z ~ 0.12, far from the maximum
T. position [64]. In addition, in the highly-doped
LaFeAsO;_,F,, AFMSFs are found to be weak but T
is high [65]. These results imply a different SC mech-
anism other than AFMSF. The close relation between

enhanced pairing and nematic fluctuations was observed
in Baj_,Sr;NisAsy [71]. Furthermore, the suppression
of T, by anisotropic strain near a nematic QCP in
Ba(Fe;_,Co,)2Ass [69] also provides strong evidence of
the SC driven by nematic fluctuations. Nevertheless, the
relationship between the magnitude of nematic fluctua-
tions and T, seems not yet well established. Therefore,
our findings strongly call for further detailed investiga-
tion of the relationship in not only FeSeg 47 Teg 53 under
pressure but also other systems. Such studies utilizing
nematicity sensitive measurements including elastoresis-
tivity and Nernst measurements [73] will be essential to
elucidate the contributions of nematic fluctuations to SC
in unconventional SCs.

In summary, high pressure NMR measurements of 7" Se
and '2°Te have been performed on FeSeg 47Teq 53 , which
is close to a nematic QCP. By comparing the correla-
tions between the magnitude of AFM spin fluctuations
and T, in FeSeq 47Teq 53 and FeSe;_,.S,., nematic fluctua-
tions were suggested to play an important role for the SC
in FeSeg 47Teq.53. The different contributions of AFMSF
to SC in S and Te substituted FeSe were pointed out
to be the origin of the different behavior of T, around
nematic QCP for each system [33]. Our results under
pressure highlight the FeSe;_,Te, system as a very suit-
able platform to study the role of nematic fluctuations
on SC, stimulating further investigations of the system
under pressure, and also provide insights into the mech-
anism of unconventional superconductivity. Systematic
NMR measurements at ambient and under pressure on
FeSe;_,Te, with different Te contents below and above
the nematic QCP are in progress.
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