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Isotope '2'2Sb nuclei with large electric quadrupole moments are applied to investigate the dynam-
ics of orbital degrees of freedom in Sb-substituted iron(Fe)-based compounds. In the parent compound
LaFe(AsSbg4)0, the nuclear-spin relaxation rate 12112
transition temperature (7; ~ 135 K), which is higher than Néel temperature (7 ~ 125 K). The isotope ratio
123(T1_l )/ 121(Tl_l) indicates that the electric quadrupole relaxation due to the dynamical electric field gradient
at the Sb site increases significantly toward 7. It is attributed to the critically enhanced nematic fluctuations
of stripe-type arrangement of Fe-3d,, (or 3d,,) orbitals. In the lightly electron-doped superconducting (SC)
compound LaFe(Asy7Sby3)(0goFp 1), the nematic fluctuations are largely suppressed in comparison with the
case of the parent compound; however, it remains a small enhancement below 80 K down to the 7, (~20 K).
The results indicate that the fluctuations from both the spin and orbital degrees of freedom on the 3d,_(or 3d,.)
orbitals can be seen in lightly electron-doped SC state of LaFeAsO-based compounds. We emphasize that
isotope '2!''23Sb quadrupole moments are a sensitive local probe to identify the dynamics of orbital degrees
of freedom in Fe pnictides, which provides an opportunity to discuss the microscopic correlation between the
superconductivity and both nematic and spin fluctuations simultaneously, even in the polycrystalline samples.

(Tl’l) at '21'123Sp sites was enhanced at structural
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I. INTRODUCTION

Iron (Fe)-based superconductivity LaFeAs(O,_,F,) (T.=
26 K) appears in the vicinity of stripe-type antiferromag-
netic (AFM) order and the structural (nematic) transition from
tetragonal(Cy4) to orthorhombic (C;) phases [1,2], and hence
the mechanism of the superconductivity has been discussed
based on spin fluctuations and nematic (orbital) fluctuations
[3-6]. In most Fe-based superconductors composed of hole
and electron Fermi surfaces (FSs) of similar size, it has been
reported that the low-energy spin fluctuations enhanced to-
ward low temperatures have some correlation with T, [7-12].
Simultaneously, nematic fluctuations critically enhanced in
the superconducting (SC) phase have been reported in single
crystals of some Fe-based families, which also revealed a rela-
tion with the SC phases [13—16]. In some of the Fe-based SC
families, the further high-7, phases appear again in heavily-
electron-doped regimes without the nested FSs, such as in
LaFeAsO;_,(F/H), [17,18] and intercalated FeSe [19-21].
In those compounds, the spin fluctuations at low energies
are not critically enhanced, in contrast to the former cases
in lightly electron-doped SC states. Recently, the analyses in
collaboration with the Knight shift measurement enabled us
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to extract the characteristic behavior of spin fluctuations with
a gap at low energies, which becomes prominent in the re-
enhanced high-T.. state of the heavily electron-doped regimes
[22], and hence it is proposed to be one of the indispensable
factors from the viewpoint of a “spin”-based scenario. On
the one hand, due to the lack of large single crystals, the
contribution of orbital degrees of freedoms is still unclear
in LaFeAsO(Lal111)-based compounds. The universality and
diversity of the SC mechanism should be identified in Fe-
based compounds over a wide doping region, including the
roles of orbital degrees of freedom in addition to the roles of
spin components.

To shed light on the dynamical features of orbital de-
grees of freedom, we focus on the Sb-substituted Fe pnictides
LaFe(As,Sb)(O,F) in this study [23,24]. In general, the nu-
cleus with I > 1 possesses not only a magnetic moment but
also an electric quadrupole moment (Q). As shown in Table I,
the Sb nucleus possesses a relatively large Q that could in-
teract with the possible orbital dynamics through the local
fluctuations of the electric field gradient (EFG) at the Sb site.
Unfortunately, the earlier > As(/=3/2)-NMR studies in the
Lallll-based compounds [25-27] could not capture the dy-
namics of the orbital fluctuations due to the lack of sensitivity.
The comparison of isotope >!12*Sb nuclei (I > 1) would give
us a new insight into nematic fluctuations derived from the
degenerate Fe-3d orbitals through the local fluctuations of
EFG at the Sb site.

©2023 American Physical Society
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TABLE I. Nuclear spin (I), gyromagnetic ratio (y,), and
quadrupole moment (Q) for nuclei in the Lall1l1-based compounds
[32,33,52].

I ¥Ya (MHz/T) Q (107 cm?)
TFe 1/2 1.3785 -
BAs 3/2 7.292 +0.29
39La 7/2 6.0142 +0.2
1218 5/2 10.189 —0.543
1238h 7/2 5.5175 —0.692

In this paper we report an isotope '2!"12>Sb-NMR investiga-
tion on Sb-substituted Fe-pnictides LaFe(As;_Sb,)(O;_,F,)
in the parent and lightly electron-doped SC(= SC1) phases,
detecting the temperature evolution of the low-energy ne-
matic fluctuations of stripe-type arrangement of Fe-3d,, (or
3d,) orbitals. Our findings reveal that the isotope '*!'*Sb
quadrupole moments are a very sensitive nuclear probe to
identify the dynamics of orbital degrees of freedom in Fe pnic-
tides, which provides an opportunity to discuss the nematic
fluctuations in addition to spin fluctuations systematically in
the various types of Fe pnictides.

II. EXPERIMENTAL

Polycrystalline samples of LaFe(As;_,Sb,)(O;_,F,) were
synthesized using a solid-state reaction method [24]. Powder
x-ray diffraction (XRD) measurement indicates that the lattice
parameters monotonically change with x and y, as reported
in Ref. [24]. The T, values were determined from an onset of
zero resistivity and diamagnetic response in dc susceptibility
measurement [24]. NMR measurements are performed
at 12L12838h As, and *La sites for the coarse-powder
samples of Sb-substituted parent LaFe(Asy ¢Sbg4)O (denoted
as “FOSb40” hereafter) and lightly electron-doped SC
compounds LaFe(Asy7Sbo3)(OpoFp1) (“F10Sb30,” T. =
20 K) and LaFeAs(Og9Fy1) (“F10Sb0,” T, =28 K) as
shown in Fig. 1. The nuclear-spin-lattice relaxation rates
(1/T7) were measured at the resonance peak corresponding
to the external field perpendicular to the ¢ axis denoted
by the arrows in Figs. 2(a)-2(c), determined by fitting
a recovery curve for nuclear magnetization to the
multiple exponential functions: m(t) = 0.1exp(—t/Ty) +
0.9exp(—6t/Ty) for I =3/2, m(t) =0.028exp(—t/T1) +
0.178 exp(—6t/T1) + 0.794 exp(—15t/Ty) for [=5/2,
and m(t) = 0.012exp(—1/T1) + 0.068 exp(—6¢/T7) +
0.206 exp(—15¢/Ty) + 0.714 exp(—28¢/Ty) for [ =7/2
[28].

III. RESULTS AND DISCUSSION

A. Parent compound LaFe(As(¢Sby.4)O (“FOSb40’")

Figure 2(a) shows the temperature (7') dependence of the
121Sh-NMR spectra for the parent “FOSb40.” The typical pow-
der pattern spectra are observed at high temperatures. The
spectra become broader upon cooling below 125 K, which
is also seen in ">As- and *’La-NMR spectra, as shown in
Figs. 2(b) and 2(c), respectively. As shown by the solid curves
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FIG. 1. Phase diagram of LaFe(As;_,Sb,)O,_,(F/H), obtained
from Refs. [17,23,24]. The present NMR studies are performed
on the parent LaFe(AsysSbp4)O (denoted as “FOSb40”), and the
lightly electron-doped SC1 compounds LaFe(Asy7Sby3)(0goFo1)
(“F10Sb30”, T, = 20 K), together with the Sb-free LaFe As(OgoFy 1)
(“F10Sb0”, T, = 28 K) for comparison.
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FIG. 2. T dependence of (a)'?!Sb, (b)”*As, and (c)!*’La-NMR
spectra for the parent “FOSb40.” The arrows denote the resonance
peak corresponding to H _L c. Solid curves at 90 K(«7y) are simu-
lations obtained by assuming Hi, and vq at each site (see text). (d) T
dependence of Hy, for all nuclear sites indicates the anomaly due to
the static AFM order below Ty ~ 125 K for FOSb40, which is lower
than the structural transition at 7, ~ 135 K.
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in these figures, the NMR spectra at 90 K can be reproduced
by the parameters of the internal field (Hj,) and nuclear
quadrupole resonance (NQR) frequency (vg) for each nuclear
site: These are '*'Hi, ~ 3.2 T and ?'vg ~ 10.5 MHz for
1218b site, "Hin ~ 1.6 T and Pvg ~ 11.5 MHz for °As
site, and '3?Hiy ~ 0.34 T and vy ~ 1.8 MHz for *°La
site. These Hj,, are comparable to those of typical parent iron
pnictides in the stripe AFM order, such as BaFe,As; [29] and
LaFeAsO [26]. The H;y for these nuclear sites exhibit a rapid
increase below 125 K, as summarized in Fig. 2(d), indicating
that the AFM order develops below Néel temperature Ty ~
125 K homogeneously over the crystals. The values of Hiy
depend on that of the hyperfine-coupling constant (‘Aps) at
these nuclear sites, since it is given by the relation ‘H, =
AptMapm, Where Mapy is an AFM moment at the Fe site.
By using Aps ~ 2.0-2.5T/up, estimated at the As site of
Lall1ll [27,30], the Magm can be estimated to be 0.64-0.80
s, which is comparable to the values observed for the parent
LaFeAsO [31]. We note that the '?!H,,, at Sb site was the
largest among the values at these nuclei, owing to the largest
magnetic hyperfine coupling between the Sb nucleus and the
Fe-3d electrons. This is because the 5p orbitals of the Sb are
more extended than those of the As. The relative ratios were
evaluated to be 2! Ayr / PAps ~ 2 and "' Aps /1P Aps ~ 9.4 in
this experiment.

Next we focus on the electronic states through the mea-
surement of the nuclear-spin relaxation rate. In the parent
FOSb40, the 1/T;T increases upon cooling and exhibits a
peak at Ty ~ 125 K due to the static AFM order, as shown
in Figs. 3(a)-3(c). Remarkably, the additional peak at 135 K
observed for the Sb-NMR probe corresponds to the structural
(nematic) transition at 7 that appears slightly above Ty [see
Fig. 3(c)]. This suggests that the other relaxation mechanisms
are added at the Sb nucleus, which is observed more sensi-
tively than at the other nuclei. In general, when the nucleus
possesses an electric quadrupole moment (Q), the observed
relaxation rates are composed of the magnetic contribution
(1/TiT)m and an electric one (1/71T )qg. The (1/T1T )y is
generally described as

1 2 2 X (g, ®)
_ 1 A Zm 2 77 1
(T]T)M & Va wlg}); nt(9) w M

where Aps(§) is the hyperfine-coupling constant at g, and
X (g, ) is dynamical spin susceptibility at wave vector §
and energy w [32,33]. In usual metals and alloys, the magnetic
part (1/7,T )u is predominant through the large Fermi-contact
interaction with electron spins on conduction bands, resulting
in the electric relaxation part (1/7;T ) being negligible. How-
ever, in the case of Fe pnictides, the electric part (1/777T )q can
be enhanced by the fluctuations of EFG between the C, and Cy4
symmetry. According to previous studies [34-39], it could be
expressed by

1 5. Yoem (G, @)
(ﬁ)Qo‘f(’)(eQ) m;T, )
where the f(I) is (21 4+ 3)/(I*(2I — 1)), and Xoe 18 the

dynamical nematic susceptibility [34]. Thus if only mag-
netic relaxation mechanism is dominant, the relaxation rate
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FIG. 3. T dependence of 1/T\T and H;, at (a) La, (b) As, and
(c) Sb sites of the parent (FOSb40). The 1/7,T's at three nuclear sites
increases significantly upon cooling toward Ty ~ 125 K, while only
1/T\T at the Sb site shows an additional anomaly at 7; ~ 135 K.
(d) T dependence of the ratio 123(Tl") e (T™") at isotopic Sb sites
for FOSb40, indicating that the electric relaxation becomes dominant
around 7; due to the critical slowing down of the orbital fluctuations.
As for the lightly doped SC sample (F10Sb30), the results of 1/T7T
for (e) La, (f) As, and (g) Sb sites are shown. (h) Their isotope
ratio m(T]’1 )/ = (T,’l ) suggests a moderate enhancement due to the
nematic fluctuations below 80 K in the lightly doped SC1 phase.

should be proportional to the square of y,, resulting in an
isotopic ratio of the relaxation rate (123TI_I)M/(121T1_1)M
approaching (¥, /"?'y,)? = 0.293(= Cy). In contrast, if
only the electric relaxation mechanism is dominant, the
isotopic ratio (123T1_I)Q/ (mTl_l)Q is expected to be
F72)(P0%)/f(5/2)(*10%) = 0.691(= Cq).

Figure 3(d) shows the T  dependence of
123(Tl’l)/ 121(Tl’l). Remarkably, it is close to the value
of Cq at around 7j, indicating that the electric relaxation
process at the Sb site is critically enhanced toward Tj. It
is obviously attributed to the critical slowing down for the
stripe-type alignment of the Fe-3d,; (or 3d,.) orbital at T
from the tetragonal (Cy) to the orthorhombic (C,) phase. The
fluctuations of in-plane anisotropy in EFG are induced by the
dynamics of the local charge distribution at Sb-5p, , orbitals
that hybridize with Fe-3d,. . orbitals, as discussed in the
lightly doped 122-based Fe pnictides [34]. We also note that
at high temperatures this ratio stays at the intermediate value
(~0.45) between Cy; and Cq, indicating that the magnetic and
electric relaxation components are almost comparable, even
above T;. It suggests that the nematic fluctuations between
the C4 and C, symmetries remain even in the C4 phase well
above T;.

Next we attempt to extract the electric relaxation
component to estimate the outline of 7 evolution of nematic
fluctuations. Here we made the approximation of simple ad-
dition of the relaxation rates of the two channels, expressed as
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A/TT)(='R)= 'A/T\IT)m+ “(1/TiT)q (i = 121, 123).
In this analysis we note that when the (1/7;7T )q term is more
enhanced, the functional form of the relaxation is a complex
mixture of terms arising from both magnetic and quadrupole
interaction channels [35,36]. We attempt to use the same
functional form of the relaxation shown in Sec. II, which will
give us information on the outline of 7-evolution of nematic
fluctuations over some ambiguity in the absolute value of 7;.
First we consider that the orbital fluctuations also contribute to
the magnetic relaxation very rarely through the possible terms,
(/TR o y2 1m0 Y AL Ko (@ @)/ [37.38],
where the A is the magnetic hyperfine-coupling constant that
appears due to the coupling with xpen, in the case of Fe pnic-
tides. It will cause the magnetic relaxation; however, it may
be negligibly smaller than the component of spin fluctuations
[Eq. (1)], since the ratio 123(Tl’l)/ 121(Tl’l) is close to Cy at
T, where the xnenm is largely enhanced. Therefore it is assumed
that the magnetic (spin) and electric (orbital) relaxation com-
ponents may be handled independently in the relaxation pro-

. 123, 121
cess. Thus the observed ratio (7 DY

123
(

(T]’I) is given by

)

21, _
(1)

Hence "'Ro[='(1/TiT)q] is tentatively extracted from the
relation expressed as

_ 123R 123RM +123 RQ

T121IR 121RM 4121 RQ' (&)

1 _CQ(IZIR/123R) (4)
(Cu — cQ>(121R/123R)]’

21Rg ~ 12]R|:1 _

where Cy = 0.293 and Cq = 0.691, and the ratio ('**R/'>'R)
is obtained in Fig. 3(d).

Figure 4(a) shows the outline of T dependence of the
21(1/T,T )q component. It enables us to estimate the 7' evo-
lution of the dynamical nematic fluctuations ..., at low
energies that increases significantly toward 7. In most of the
previous NMR studies using the nuclear quadrupole interac-
tion such as ° As-NMR, the evolution of the static nematicity
has been discussed, which is evaluated by the static imbal-
ance population between p, and p, orbitals at the As (or Se)
site for the single crystals such as 122-, 11-, and 111-based
compounds [40-43]. The dynamics of nematic fluctuations in
these compounds were discussed from the anisotropy of the
relaxation rate of their single crystals [44—46]. Less study has
focused on the dynamics of nematic states in Lallll-based
compounds in the earlier > As-NMR works due to poor sen-
sitivity to the orbital degrees of freedom [25-27]. We note
that the novelty of this study is the ability to directly probe
the charge fluctuations associated with nematic order, even if
it is not limited to a single crystal. The current '*"'2*Sb nu-
clear probe possessing the large electric quadrupole moment
(1211230) gives us an opportunity to extract the dynamical
feature of the orbital fluctuation sensitively.

B. Lightly electron-doped SC compound
LaFe(Aso.7Sby.3)(00.9Fo.1) (“F10Sb30”)

Next the same experimental method is ap-
plied for the lightly electron-doped SC compound
LaFe(Asp7Sbo3)(OpoFo1) (“F10Sb30”) (7. ~ 20 K).
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FIG. 4. (a) T dependence of the electric relaxation ! (1/7,T )o
extracted for the parent (FOSb40) and lightly electron-doped SC state
(F10Sb30), suggesting that the nematic fluctuations observed in the
parent are largely suppressed but remain below 80 K in the SC1 phase
even in the static C; symmetry. (b) Spin fluctuations > (1/T;T )arm
deduced for the parent (FOSb40) and SC1(F10Sb0 and F10Sb30).
In the lightly electron-doped SC1 region, the spin fluctuations are
enhanced upon cooling, whereas the suppression of AFMSFs upon
cooling becomes characteristic in the Sb-doped sample (F10Sb30)
that appears when pnictogen height is high [22].

Figures 3(e)-3(g) show the T dependence of 1/TiT measured
at (e) La, (f) As, and (g) Sb sites. There is neither static
magnetic order nor the nematic order, i.e., the tetragonal(Cy)
structure is stable in the whole 7 range, and hence the 1/71T
does not exhibit any peaks. The T dependence of 1/7\T
exhibits gradual decreases upon cooling at all the nuclear
sites, which is generally seen in lightly electron-doped
Fe pnictides, ensuring the lightly electron-doped state.
Figure 3(h) shows the T dependence of their isotopic ratio

Py I at the 2M1238b site. We found that it
is close to the magnetic ratio (Cyy = 0.293) at high T, but
it approaches gradually upon cooling toward the electric
ratio (Co = 0.691), indicating that the electrical relaxation
due to the dynamical nematic fluctuations between C, and
C, symmetries is not negligible below 80 K for the lightly
electron-doped SC1 states, although it keeps the static Cy4
symmetry from a macroscopic point of view. Note that the
scales of 12!(1/T, T )q for parent (FOSb40) and SC1(F10Sb30)
are about 10 times different, as seen in the right and left axes
in Fig. 4(a), respectively. This large difference seems to be
remarkable beyond some ambiguity in the absolute value of
T; in this analysis. In the previous ">As-NMR measurement
of BaFe;(Asg¢7Po33)2 (T, = 31K), it was revealed that
the nematic fluctuations were also enhanced toward low
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T in the superconducting phase with C; symmetry by
comparing the relaxation rate between 3'P(/ = 1/2) and
S As(I = 3/2) nucleus [34]. The dynamics of nematic states
seen in BaFe,(As,P), [34] can be observed in Lall1l1-based
compound (F10Sb30) as well. The nematic fluctuations are
enhanced below 100 K in the slightly doped SC phase of
both BaFez(As0.67P0.33 )2 (TC =31 K) and Lallll(FlOSb30)
(T, = 20 K) within the C4 symmetry. From these experimental
facts, the contribution of nematic fluctuations to SC may not
be negligible in the iron pnictides with well-nested or
moderately nested FSs.

C. Comparison with AFM spin fluctuations

Next we discuss the AFM spin fluctuations (AFMSFs)
probed by >As-NMR in these compounds, since a number
of the previous As-NMR reports indicates the observed
3(1/T,T) is generally dominated by magnetic relaxation, that
is, P(1/Ty T )\ [7-12,22]. According to these previous works,
it is known that the observed 7> (1/T;T )u can be decomposed
as (1/TiT)apm + (1/T1T)g, where the first term (1/77T )arm
represents the component of AFMSFs at finite wave vector
G = Q in Eq. (1), and the second term (1/7,T )y is the com-
ponent related to the square of the density of states [N (Er)]
that is proportional to the spin part of Knight shift (K;). The
details of this method are described elsewhere [22] and in the
Supplemental Material [47].

As a result, Fig. 4(b) shows the estimated ">(1/T;T )arm
for the parent (FOSb40) and SC1 (F10SbO and F10Sb30).
To evaluate the substitution effect of Sb in the SC1 phase,
the result of Sb-free compound F10Sb0 (7. = 28 K) in the
same doping level is compared. The 7>(1/TiT)apm in the
SC1 (F10Sb0 and F10Sb30) phase increases upon cooling,
suggesting the presence of the low-energy spin fluctuations
that can be attributed to the well-nested FSs mostly com-
posed of two d,;,, orbitals [11]. We note that this is not
the case of the simple Curie-Weiss type behavior, namely,
the 7(1/T1T)apm for Sb-substituted F10Sb30 is more sup-
pressed below 100 K than for Sb-free F10Sb0. This behavior
is more prominent when the energy level of the d,, orbital
band approaches the Fermi level when the pnictogen height
becomes high, i.e., Sb content increases [22]. Thus, such small
suppression of AFMSFs upon cooling is accounted for by the
increment of d,, orbital band contributions in addition to the
predominant d.,,, bands [4,24]. According to the spin-based
scenario [3,4], the presence of the low-energy spin fluctu-
ations is one of the important factors for the increment of
T. in the lightly doped SC1 phase, which is consistent with
the present experimental fact that it is more significant in
Sb-free F10Sb0 (7, = 28 K) than in F10Sb30 (7, = 20 K),
since these locate in the lightly doped SC1 region. This is in
contrast to the heavily electron-doped SC3 region of Lallll
(see Fig. 1), where the lack of spin fluctuations at low energies

is more significant and rather favorable for SC. In other words,
the presence of the finite-energy spin fluctuations originating
from the predominant d,, band with strong correlations (less
contribution from d,_/,, bands) is one of the key factors for the
appearance of reemergent SC3 phase in the case of the heavily
electron-doped regime [22,48-51].

Consequently, in these experiments we succeeded in the
detection of both nematic and spin fluctuations in the SCI
phase, as presented in Figs. 4(a) and 4(b), respectively. This
implies that the spin and orbital degrees of freedom are insep-
arable in nature. To identify the qualitative roles of the effect
of the orbital degrees of freedom over a wider doping region
as a function of 7, values, the future systematic Sb-NMR
measurements are desired from lightly doped SC1 to heavily
doped SC3 phases.

IV. SUMMARY

In summary, we succeeded in detecting the dynamics
of the stripe-type orbital fluctuations in the Sb-substituted
Lallll compounds by the isotope '*'*'>Sb-NMR probes
with the large '*"1?*Sb quadrupole moments. We revealed
that the nematic fluctuations of the stripe-type alignment of
Fe-3d,(or 3d,.) orbital are critically enhanced toward 7 ~
135 K slightly higher than 7y ~ 125 K in the parent (FOSb40).
In the lightly electron-doped SC1 phase, such nematic fluc-
tuations are largely suppressed, but there remains a small
enhancement below 80 K down to the T, in spite of keeping
the tetragonal (C4) symmetry. As for the spin degrees of free-
dom, the AFMSFs are also observed on the SC1 phase due to
the well-nested FSs derived mainly from 3d,/,, orbitals, with
some additional contribution from the 3dx, orbital, especially
when the pnictogen height is large. The results suggest that
both the spin and orbital degrees of freedom on the 3d,.,,
orbitals can be seen in the lightly electron-doped SC1 phase,
implying that they are not completely separated in the Fe
pnictide superconductors. The future systematic NMR mea-
surements over a wide electron doping region will give us
a qualitative evaluation of the effect of the orbital degrees
of freedom from SCI1 to heavily electron-doped SC3. We
emphasize here that the present isotope Sb-NMR provides
an approach to investigate the correlation between orbital and
spin fluctuations and the SC state in Lal111 systems system-
atically, even in polycrystalline samples.
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