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iron-based superconductor FeSe 4,Te sg

D. Ar¢on,b>* P. Jegli¢,! A. Zorko," A. Poto¢nik,! A. Y. Ganin,? Y. Takabayashi,* M. J. Rosseinsky,’ and K. Prassides*
Unstitute “Jozef Stefan,” Jamova 39, 1000 Ljubljana, Slovenia
2Faculty of Mathematics and Physics, University of Ljubljana, Jadranska 19, 1000 Ljubljana, Slovenia
3Department of Chemistry, University of Liverpool, Liverpool L69 7ZD, United Kingdom
“Department of Chemistry, Durham University, Durham DHI 3LE, United Kingdom
(Received 17 June 2010; revised manuscript received 3 September 2010; published 25 October 2010)

We report X-band electron paramagnetic resonance (EPR) and 12Te and 7’Se NMR measurements on
single-crystalline superconducting FeSe( 4,Te( sg [T.=11.5(1) K]. The data provide indications for the coex-
istence of intrinsic localized and itinerant electronic states. In the normal state, localized moments couple to
itinerant electrons in the Fe(Se,Te) layers and affect the local spin susceptibility and spin fluctuations. Below
T, spin fluctuations become rapidly suppressed and an unconventional superconducting state emerges in which
1/T) is reduced at a much faster rate than expected for conventional s- or s.-wave symmetry. We suggest that
the localized states arise from the strong electronic correlations within one of the Fe-derived bands. The
multiband electronic structure together with the electronic correlations thus determine the normal and super-
conducting states of the FeSe,_,Te, family, which appears much closer to other high-7 . superconductors than

previously anticipated.
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It is generally accepted that strong electron correlations
are responsible for peculiar phase diagrams of high-T. super-
conductors where superconductivity (SC) appears in the
proximity of antiferromagnetic (AF) Mott insulating
phases.!> However, in iron-based superconductors the role
of electron correlations is less clear. They are believed to be
weaker* because the ground state of the parent compounds is
metallic with a low-temperature spin-density-wave state in-
duced by the Fermi-surface nesting. Iron-based supercon-
ductors have a complicated multiband structure with all five
Fe d bands crossing the Fermi level. It has been proposed
that differences in the p-d hybridization may lead to the for-
mation of more localized orbitals.> Therefore, each band
could be affected by electron correlations differently to a
degree that an orbital-selective Mott transition may take
place.®7

In order to address the problem of electronic correlations
and possible carrier localization, we focus on the
FeSeq 4, Teys3 compound, a member of the layered iron-
chalcogenide, FeQ (Q=Se,Te) superconductors. The two
end members, Fe; ;;Se and Fe,, sTe (6=0.14), exhibit fun-
damentally different ambient-pressure ground states. Fe,, sSe
is a superconductor with critical temperature 7,~9 K at am-
bient pressure.>”'® On the other hand, AF long-range order
develops in Fe, sTe below ~65 K with the magnetic order
vector Q AF:(%, %), the rather large ordered moment exceed-
ing 2 up/Fe and the Curie-Weiss-type susceptibility in the
paramagnetic state of Fe, sTe suggesting that the magnetism
is of a local-moment origin.!! In contrast to other Fe-based
superconductors, no Fermi-surface instability associated with
AF order was observed.!? Moreover, inelastic neutron-
scattering measurements indicate a spin-fluctuation spec-
trum, which is best described with an identical model to that
used for the normal-state spin excitations in the high-7.
cuprates.'® In addition, an anomalously large mass renormal-
ization, m"/m;,,;~6-20 has been reported recently for
FeSeq 4, Te( 53 from angle-resolved photoemission spectros-
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copy (ARPES) data,'* consistent with the high bulk-specific
heat coefficient, y=39 mlJ/mol K2, obtained for a sample
with a similar composition Fe,,,Se(33Te(¢7.'> These results
highlight the importance of electronic correlations in the FeQ
family, which in analogy to other strongly correlated multi-
band systems may dramatically lower the energy difference
between the coherent quasiparticle states and the incoherent
excitations with more local character.'*

Here we report a combined electron paramagnetic reso-
nance (EPR) and "'Se, '»Te NMR study of the
FeSe( 4, Tesg superconductor [T,=11.5(1) K], which pro-
vides evidence for the coexistence of two electronic compo-
nents arising from itinerant and localized states. The cou-
pling between these states at the atomic scale leads to the
screening of localized moments and may be responsible for
the observed suppression of the AF spin fluctuations. A sur-
prisingly large effective gap A=3kgT. is found from the
spin-lattice relaxation data. The intrinsic localized states are
likely signatures of strong electron correlations making the
FeQ family a close relative to other high-T, superconductors.

The single-crystalline FeSe(4,Teysg sample used in this
work was identical to that of Ref. 14. Hexagonal FeSe
[1.27(2)%] and elemental Se [2.31(4)%] were identified as
impurities in crushed powders by synchrotron x-ray diffrac-
tion measurements (Fig. S1). The bulk magnetic susceptibil-
ity, xs, was measured with a commercial Quantum Design
SQUID magnetometer system on a 0.547 mg single crystal
and with the magnetic field applied along the crystal ¢ axis.
NMR frequency-swept spectra were measured in a magnetic
field of 9.4 T. Details of '®Te and "’Se line-shape and
relaxation-time measurements can be found in the supple-
mentary material.'® For the temperature-dependent X-band
(9.6 GHz) cw-EPR experiments, a small piece of the crystal
was exfoliated from the large crystal and sealed under dy-
namic vacuum in a standard silica tube.'®

The very intense EPR resonance [inset Fig. 1(a)] has been
measured at room temperature and is best described by

©2010 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.82.140508

ARCON et al.
T T T '/_‘\ 6 T T T 2 ?
3@ 100 mT 4 é (b) . Bllc = E
e 24N B
31 S L
i = °
.o. Y ‘ié L \Ef
,[7;4 30 - ° oo 7 Ny 0 | | | o S
T T T
g L(c) o Blle 1
C
Sl e | 52.27()‘. 150
o0 L] = —~
o o ° ° ::1_3‘ 2.1+ o't 1100 E
28 °° % T 6 [ = gy 50 3
20
27 L L L L L L L L O
0 45 90 135 180 0 100 200 300 400
0 (deg) T (K)

FIG. 1. (Color online) (a) Angular dependence of the room-
temperature EPR linewidth in FeSe( 4,Te( 55 single crystal. =0 is
the Bllc crystal orientation. Inset: room-temperature EPR spectrum
for Bllc. Horizontal bar indicates field scale. (b) Temperature de-
pendence of the EPR spin susceptibility, ygpr (circles, left scale),
the bulk spin susceptibility, xg (black solid line), and the inverse
spin susceptibility, xgpp (squares, right scale). (c) Temperature de-
pendence of the EPR g factor (left scale, circles) and linewidth, AB
(right scale, squares).

Dyson line shape as expected for metallic samples. At 300 K,
the calibrated EPR intensity corresponds to a spin suscepti-
bility, xgpr=1.3(5) X 10> emu/mol—the large uncertainty
in the value of ygpr arises from difficulties in the precise
positioning of the tiny single crystal in the resonator—which
is comparable to the measured ys=1.0(1)X 107> emu/mol
[Fig. 1(b)] and to that reported for FeTe ssSe 4s.'> The neg-
ligibly small refined content of Fe interstitials between the
Fe(Se/Te) slabs'*!® cannot be responsible for the measured
xepr- On the other hand, hexagonal FeSe;_, phases can be
ferromagnetic with Curie temperatures exceeding room
temperature'” and could give rise to strong ferromagnetic
resonance. However, since the hexagonal FeSe,_, magneti-
zation is already fully saturated in the field of the EPR reso-
nance (~0.33 T), we conclude that it cannot account for the
strong temperature dependence of ygpg [Fig. 1(b)].'® We thus
tentatively suggest that the measured EPR signal is intrinsic.

The EPR resonance shows a strong angular dependence of
the EPR linewidth, AB. The minima in AB at angles 6,
~54° and ~126° when the crystal is rotated away from the
Blic orientation [Fig. 1(a)] are unexpected for a conduction
electron-spin resonance'® but may indicate the dipolar inter-
actions between the exchange-coupled localized moments.'®
The presence of states with more local character is further
supported by the temperature dependence of xgpr, Which
rapidly increases with decreasing temperature [Fig. 1(b)].
However, the nonlinear dependence of the inverse EPR sus-
ceptibility between 100 and 400 K [Fig. 1(b)] is not consis-
tent with the simple Curie-Weiss law expected for localized
moments only, implying that the measured EPR signal has
contributions from both quasiparticle and localized states.
Simple macroscopic phase segregation into metallic and in-
sulating fractions would have implied that ygpr can be ex-
pressed as Xgpr=X.+ X;» Where x, is the spin susceptibility of
quasiparticles, which is expected to be only weakly tempera-
ture dependent and y; is the spin susceptibility of localized
states. But this approach results in unphysical parameters
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FIG. 2. (Color online) Frequency-swept (a) '*Te and (b) 7'Se
NMR spectra of FeSe(4,Te(sg single crystal measured with Bllc.
(c) Temperature dependence of the 125Te (12K, open circles) and
"Se ('K, solid squares) Knight shifts. The lines are fits to the
model described in the text. Inset: expanded region near T.
=11.5(1) K, showing the clear drop of '*K and "'K.

(negative y.), thus leading to the conclusion that both elec-
tronic components not only coexist at the nanometric or
atomic scale but that they are also strongly coupled. Such
coupling could be responsible for the rapid increase in AB
and g factor with decreasing temperature [Fig. 1(c)], which
indicates development of internal magnetic fields sensed by
localized moments. It could also account for another surpris-
ing observation: namely, xgpr(7) is larger than the weakly
temperature-dependent yg below room temperature [Fig.
1(b)]. If the coupling is strong enough, then localized states
polarize conduction electrons and reduce the effective mo-
ment measured in bulk experiments.

To confirm these hypotheses, we employed the NMR lo-
cal probe technique, which can provide insight on the coex-
isting electronic components at different scales. Detailed
structural characterization'® rules out intrinsic Fe interstitial
impurities and reveals only a very small fraction of extrinsic
impurities in the ~1% range that cannot influence the NMR
data. Figures 2(a) and 2(b) show the '*Te and "’Se NMR
spectra recorded for Bllc. The room-temperature linewidths
of Te and "’Se resonances, &%, »=420 kHz and
8 ""v,,~130 kHz, respectively, imply that the local-site
structural inhomogeneities resulting from the statistical Se/Te
site occupation slightly broaden the 125Te and "'Se NMR
spectra, e.g., with respect to the ’Se NMR linewidth mea-
sured for Fe, (;Se.2’ For comparison, &' v,, is similar to
that in FeSeyq,.2" Interestingly, the ratio, & '*v,,,/8 " v,
~3.2 is significantly larger than that of the corresponding
gyromagnetic ratios, 2/ y=1.65.

The room-temperature NMR spectra are strongly shifted
to higher frequencies with respect to the reference. The
Knight shifts are '®K=1.04(6)% and ""K=0.69(3)% for
125T¢ and 7’Se nuclei, respectively. The resonances shift con-
siderably to lower frequencies with decreasing temperature
[Fig. 2(c)]: A '®K=-0.524% and A ""K=-0.316% between
300 and 20 K. A similar decrease in 'K has been reported
for Fe, o;Se and Fe, y4,Seq13Teg7.2%>> However, the Knight
shifts, "K (n=77,125) do not scale with the bulk spin sus-

140508-2



COEXISTENCE OF LOCALIZED AND ITINERANT...

j3oox  Jeok] 14K |400K 60K
T T T T T T
L 125 _
oo 4, =-5.0kOehy,
1L0F oy 8 Lot 8
o
@ ° @
£ @ £
2 mag B 2
S S
H @OO@ .l .
0.5+ . . 0.5+ m. .
] 77 _ -,
| , |74, =-3.9kOe/u, ®g
(a) 1 L 1 ‘h 1 L 1 Ll L 1 L 1 L 1 (t?)
1.0 12 14 01 2 3 4 5 6

EPR

1, (107 emu/mol) 2 (10” emu/mol)

FIG. 3. (Color online) '*K and 7K Knight shifts versus (a) bulk
susceptibility, xpj. and (b) xgpr With temperature as an implicit
parameter.

ceptibility over the entire temperature range [Fig. 3(a)].
NMR data thus provide direct evidence that the local and
bulk spin susceptibilities are different in the investigated
sample. On the other hand, comparing "K with ygpr, Which
also measures the local spin susceptibility, reveals excellent

linear scaling [Fig. 3(b)]. If we express the temperature-

"Ap,
dependent spin part of the Knight shift as "K(T)= AB”B XEPR>

we derive the coupling constants, '°Ag,.==5.0(5) kOe/ u
and ""Ap,.=—3.9(8) kOe/uy. Since we scale "K with the
local rather than the bulk spin susceptibility, the coupling
constants are different from those extracted for
Fe; uSeps3Tep; only from low-temperature (<100 K)
data.??

The scaling of "K with the local rather than with the bulk
spin susceptibility is a strong indication for the coexistence
of coupled localized and itinerant states at the atomic scale.
In the case of two coupled spin components, there are gen-
erally three contributions to the spin part of the Knight shift,
"K¢="K.+"K;+"K,,. Here "K, stands for the coupling of
Te/Se nuclei to the itinerant electrons via hyperfine coupling
interaction and should be only weakly temperature depen-
dent, "K; describes the interaction with the localized states
and "K,, is the additional Knight shift arising from the spin-
density polarization due to the interaction between the local-
ized and itinerant states. "K,, should be negative in sign,? as
it is indeed observed. It is intriguing that the strong tempera-
ture dependence of "K can be simulated with the expression
"Koc[1-(T/T*)]log(T*/T), which has been applied to a num-
ber of Kondo lattice materials.?* Here T* is the correlated
Kondo temperature and is a measure of the intersite localized
state interactions.?* Excellent agreement with the experimen-
tal data for both nuclei [Fig. 2(b)] is obtained with the same
T*~800 K, which falls within the 50-80 meV range of the
crossover energy between quasiparticle states and excitations
with local character.'#

The most important experimental finding of this work is
that in FeSe 4,Te, sg intrinsic states with localized character
may form, coexist and couple with itinerant states. It is sug-
gested that in such strongly correlated systems this coupling
plays a vital role in suppressing magnetism and promoting
high-temperature superconductivity.?> Therefore, in order to
test the suppression of spin fluctuations we turn to the spin-

RAPID COMMUNICATIONS

PHYSICAL REVIEW B 82, 140508(R) (2010)

T :{‘ 7\: T T
| )

59000000 00000009

—_
O

—_

[o - [} 1
Lo [ — 4
r Bgtane o 'Te]
\ L Il L Il \-\ 77‘Se \7

1 0 100 200 300 400
] T(K)

-l
UTT(s'K")

e
=

300 K1 1 g
200 K1 :
100 K
80K 1
50K 1
20K 1
‘ ‘ 11K 1
00 K. 05 1.0
K (%)

T(T)T(T)
S

0.01

FIG. 4. (Color online) (a) Frequency dependence of 1/7'T,T
measured at various temperatures (bottom). All measurements fall
on the same curve, which scales as ("'K-""K,,;)* with 'K,
=0.24(3)%. Dotted, dashed, and solid lines are calculated curves for
B=4, 2.5, and 1.5, respectively. (b) Temperature dependence of
125Te (open circles) and ”’Se (solid squares) 1/"T,T rates. (c) Tem-
perature dependence of T((T.)/T(T) below T.=11.5(1) K. The
rate of suppression of 1/7; below T. is significantly larger than

expected for BCS-type superconductivity.

lattice relaxation time, "7, data, which probe the dynamic
spin susceptibility % "(q,w). Fi ligure 4(a) shows the frequency
dependence of 1/”'T,T for "’'Se NMR spectra at selected
temperatures. It is eV1dent that 1/7'T, T substantially varies
over the "’Se NMR line and the ratio between largest and
shortest 1/7’T,T measured for the low- and high-frequency
spectral shoulders can be as large as 4 (see, for instance, 80
K data). Therefore, a simple two relaxation-times model ear-
lier applied®? to Fe, (4Se(33Teqq; Oversimplifies the experi-
mental situation and may even lead to erroneous conclusions.
1/7"T,T values fall on nearly the same universal Knight
shift-dependent curve described by the Korringa relation,

77T1T77K§—m§,8 Here v, and g, are the electron and

nuclear gyromagnetic ratios, respectively. /'K is given by
""Ky=""K-""K,,,, where 77KO,,,—O.24(3)% is a temperature-
independent orbital shift determined from the fit to the above
expression [Fig. 4(a)]. A phenomenological parameter, B8
characterizes the extent of spin fluctuations and has been
recently studied in the context of the normal-state properties
of iron-based superconductors. For coupling to noninteract-
ing Fe 3d electrons via isotropic transferred hyperfine cou-
pling, B should approach a value of 4.2° In the case of
FeSeq 4,Tey 53 we find that 8 gradually decreases from the
high-temperature value of 4 to ~1.5 at low temperatures
close to T, and this may thus explain the nearly temperature
independent 1/"T,T [Fig. 4(b)]. These values are signifi-
cantly larger than 8~0.1 found in the LiFeAs supercon-
ductor with strong AF spin fluctuations?® and thus suggest
the absence of any significant AF spin fluctuations in the
investigated sample. These findings are in striking contrast to
FeSe, which clearly shows strong enhancement of AF spin
fluctuations toward T,.>° Apparently spin fluctuations be-
come suppressed upon Te substitution and are only visible
again after the application of pressure.?’ This is fully consis-
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tent with the present picture of strong local Kondo effects
where local magnetic moments become screened.

Last, we turn to the 125Te and 7’Se NMR data below T,
=11.5(1) K. The '"®Te resonance suddenly becomes nar-
rower and more symmetric while its intensity starts to de-
crease [Fig. 2(a)]. The abrupt decrease in the signal intensity
is due to the Meissner shielding of the rf pulses. On the other
hand, the sudden decrease in the linewidth is more surpris-
ing. In the singlet superconducting state, we expect xs to
vanish and therefore any broadening and extra resonance
shift caused by the interaction between the localized and su-
g)erconducting states should be reduced below 7.. 'K and
'K suddenly start to decrease at faster rate below T, [inset
Fig. 2(b)], thus indicating the vanishing spin susceptibility as
expected both for s- and d-wave pairing. This is further sup-
ported by the "T, data. ”TTI values are strongly reduced be-
low T, for both nuclei [Fig. 4(c)]. We also note that 1/7)
does not show a coherence peak which has been also missing
in FeSe (Ref. 20) and other Fe-based superconductors.?!-28:°
1/"T is exponentially suppressed below T, with a large ef-
fective gap, A=3kzT, being in excellent agreement with that
found by point-contact Andreev-reflection spectroscopy (A
=3.1ksT,).° Experimentally, for Fe-pnictide superconduct-
ors, 7233 dependence has been reported even close to T, by
various groups.?®3132 However, for FeSe,4,Teysg a fit with
A=3kgT, is superior over T° dependence at least down to
T./T=2.25. Experiments at even lower temperatures are
needed in order to understand if the observed dependence
reflects a two-gap case,’!3 considerable anisotropy of the
SC gap™ or is due to strong-coupling SC with s-wave order-
parameter symmetry.3°

The detection of intrinsic localized moments coupled to
itinerant electrons shows some similarities with strongly cor-
related electron systems. The question to resolve is, how
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these localized states form in FeSeg 4,Te sg. Orbitally selec-
tive Mott localization has been recently proposed’ for Fe-
based superconductors. This model could well explain the
strong local-moment screening implied by the nonscaling of
magnetic-resonance parameters with bulk spin susceptibility
(Figs. 1 and 3, Fig. S3) and suppression of AF fluctuations in
the normal state as well as the '*Te and 7’Se NMR data
below T.. The coexisting magnetic and superconducting or-
der parameters on the atomic scale that have been recently
suggested for FeSe from uSR experiments3* is also consis-
tent with this picture. All these results point to the impor-
tance of strong intraband electronic correlations which may
explain the rapid suppression of 1/7} below T, the strong
sensitivity of FeSe,;_,Te, superconductivity both to chemical
substitution and applied pressure®-3% and the induced static
magnetic order at pressures exceeding 1 GPa.>*

In conclusion, we have carried out EPR and NMR studies
of FeSe 4,Te, 55 single crystal. We found indications for the
presence of intrinsic localized states coupled to quasiparti-
cles. The possible existence of localized states may be re-
sponsible for the suppression of AF spin fluctuations and the
surprisingly large effective gap A=3k,T. obtained from the
spin-lattice relaxation data in the SC state. Although the ex-
act origin of localized states should be investigated in the
future, the present picture is consistent with the intraband
electronic correlations leading to a localization of one of the
Fe-derived bands. In this respect, the FeQ family appears to
be much closer to other high-7.. superconductors and should
be treated on a similar footing.
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