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The roles of Se deficiency and Fe atoms, for the superconductivity of FeSe, have been, respectively,
investigated in FeSe,_s and (Fe,_,Cu,)Se;_s by our NMR experiments. The data, for nuclear spin-lattice
relaxation rate (1/7), show that the spin fluctuations are weakened at a larger &, and are correlated with the
superconductivity in FeSe. The superconducting volume fraction, estimated by our ac susceptibility experi-
ments, is found to vary inversely with 8. Our findings suggest that the Se-deficient FeSe has an inhomogeneous
phase, where the superconductivity is associated with the regions having few or no Se vacancies. As for
(Fe,_,Cu,)Se_s, T, is rapidly suppressed by Cu doping and vanishes around x=0.03. The "1Se and the ®*Cu
NMR linewidths suggest that a local moment is induced at the Fe sites and not at the Cu sites. However, 1/T}
shows no obvious change with the Cu doping. We suspect that other effects, such as disorder or change in the
density of states, have more influence on 7, suppression since a metal-insulator transition, induced by Cu

substitution, occurs in the resistivity measurements.
DOI: 10.1103/PhysRevB.81.144513

Among the discovered iron-based superconductors,
FeSe,_s was a binary compound to be found.! Though its
superconducting temperature, 7,~8 K, is not as high as
those in the class of iron-arsenic superconductors, FeSe;_s
has quickly drawn considerable attention, due to its structural
simplicity and easier material handling. Recent high-pressure
experiments have even raised its 7, up to 36.7 K, which is
comparable to the FeAs-based superconductors.”> This has
made FeSe a potential paradigm for investigating the mecha-
nism of superconductivity in the Fe-based superconductors.
Indeed, FeSe has been found to share a number of features
with the FeAs-based superconductors, including layered
structures, electronic states, and lattice instability.3‘5 How-
ever, still unclear is whether or not FeSe is similar to the iron
arsenides, with regard to spin-density-wave instability or
magnetic order.>® Recent high-pressure NMR experiments,
on the other hand, have demonstrated strong spin correlation
with the superconductivity in FeSe, as also found in other
iron arsenides.”® Further investigation must determine
whether or not the spin-fluctuation-driven picture, of the
Cooper-pairing mechanism, is applicable to the Fe-based su-
perconductors. Here, we report our NMR studies on the Se-
deficient and Cu-substituted FeSe.

Iron selenide has complex structural phases, as summa-
rized in the original literature where the superconductivity
was reported in the Se-deficient tetragonal pB-FeSe, i.e.,
FeSe s, and FeSe gg.! A similar finding soon followed, for a
composition of FeSeq,.> However, McQueen et al. have re-
cently claimed that the superconductivity actually exists only
in the nearly stoichiometric FeSe and a small Se deficiency
(6=0.03) is enough to destroy the Cooper pairing.'” Though
they attributed this discrepancy to the oxygen contamination
in those Se-deficient samples, it is intriguing to ask why any
oxygen contamination, in FeSe,gg and FeSeq,, would pro-
duce a similar T, as FeSe 9. Clarifying the role of Se defi-
ciency, in FeSe, is crucial to any theoretical treatments of the
pairing mechanism because it determines whether or not it is
essential to introduce charge carriers in the two-dimensional
(2D) FeSe layers, as compared to the cuprate superconduct-
ors.
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The role of the Fe?* spin is another interesting issue,
which has recently been investigated by chemically substi-
tuting Fe for Cu, i.e., (Fe,_,Cu,)Se;_s'""1? The superconduc-
tivity is rapidly suppressed by the Cu doping and is followed
by a metal-insulator transition. Cu>* and Fe?* have the same
valence electrons but posses different spins and atomic radii.
This chemical substitution is generally expected to alter the
lattice and electronic structures, to introduce disorder and
modify spin correlation. However, which one most domi-
nates needs clarification.

We have conducted experiments for 7’Se NMR spectrum
and nuclear spin-lattice relaxation rate (1/7;), on Se-
deficient FeSe¢g and Cu-doped (Fe;_,Cu,)Se,_s, to investi-
gate the role of Se deficiency and magnetic correlation in
FeSe. Our findings suggest that spin fluctuations are closely
related to the superconductivity in FeSe, as previously re-
ported by Imai et al.” Our 1/T; and superconducting volume
fraction analysis indicate that the Se-deficient FeSe has an
inhomogeneous electronic state, where the pairing occurs
only in the regions having few or no Se vacancy, expanding
upon similar results from previously reported NMR data.
This is supported by the decrease in spin fluctuation and
superconducting volume fraction at larger 6. As for
(Fe,_,Cu,)Se,_s we find that the NMR linewidth increases
drastically upon Cu doping and then saturates. Whether or
not this Cu-induced disorder is correlated with the rapid sup-
pression of 7, needs further investigation. Interestingly, the
1/T, is nearly unchanged upon Cu doping. We suspect that
the electronic band structure is altered more significantly
than the spin dynamics because a metal-insulator transition
was shown in the resistivity measurements.'

Polycrystalline samples of the Se-deficient FeSe(gg and
the Cu-substituted (Fe,_,Cu,)Se,_s with (x,8)=(0,0.12),
(0.01, 0.15), (0.02, 0.12), (0.03, 0.12), and (0.04, 0.12) were
used in our NMR and ac magnetic-susceptibility experi-
ments. Sample preparation was similar to that of
(Fe;_,Cu,)Se( g5 in Ref. 11. Figure 1 gives the powder x-ray
diffraction patterns of these samples. Rietveld refinement
was analyzed by using GSAS software, to confirm the sample
stoichiometry and quality. Detailed structural analysis shows
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FIG. 1. Powder x-ray diffraction patterns of (Fe;_,Cu,)Se;_s.
The horizontal axis is the moment transfer, M =41 sin(6)/\.

similar features as for (Fe,_,Cu,)Se( s in Ref. 11. Figure 2
shows the resistivity (normalized to 300 K) of different Cu
contents. As in (Fe;_,Cu,)Se g5 and (Fe, (;_,Cu,)Se, a metal-
insulator transition is also observed in our (Fe,_,Cu,)Segs
samples.!12

To our knowledge, there are only three NMR papers, to
date, reporting on superconductivity in FeSe_s. Imai er al.
measured the nearly stoichiometric FeSejq9 and FeSe o7,
with the samples claimed to be free of oxygen
contamination.” Kotegawa et al.'® and Masaki et al.® studied
the Se-deficient FeSe ¢, but did not specify whether or not
there was any oxygen contamination. In order to resolve the
discrepancy, regarding the stoichiometry of the superconduc-
tivity in FeSe, the following discussions compare our
FeSe g3 data, with the data reproduced from the previous
literature. Standard Hahn-echo pulse sequences and satura-
tion pulses were, respectively, employed throughout our '’Se
NMR spectra and 1/7; experiments at 75 kG.

Figure 3 shows the "Se NMR spectra of FeSe;_gat 10 K.
The linewidth increases with the Se deficiency, as expected
because NMR linewidth generally reflects the amount of lat-
tice disorder in the sample. This indirectly confirms the cor-
rect stoichiometry of these samples. Similar 7,=~8 K, ob-
served in the disordered FeSejgy and ordered FeSe g,
suggests that the Cooper pairing is not vulnerable to the lat-
tice disorder induced by the Se vacancy. We notice that the
frequency shift (K) does not vary much with & (Fig. 3, inset),
which means that the local spin susceptibility y does not
change much either because K « y. These results differ from
those, in the report on bulk susceptibilities, by Williams et
al., in which bulk susceptibility increases significantly with
o, due to the impurity phases from excess Fe or iron oxides.
If these magnetic impurities were bonded to the FeSe
samples, magnetic broadening of the linewidth would also be
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FIG. 2. Resistivity (R) data for different Cu-substituted

(Fe,_,Cu,)Se _s samples. Data have been normalized to room-
temperature values (R3gg x)-
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FIG. 3. 7’Se NMR spectra, at 10 K, for different Se-deficient
FeSe;_s Data for FeSe( 975099 and FeSe( g, are reproduced from
Refs. 7 and 13, respectively. Inset: frequency shift and the spread of
shift, derived from the spectra.

seen at low temperature. The linewidth for our FeSegg is
nearly temperature independent, from 70 K down to 7, (not
shown), as was the case for FeSe(q, in Ref. 13. Therefore,
our NMR frequency shift and linewidth data suggest that any
impurity phases would not enter the FeSe;_s stoichiometry
but we cannot rule out the possibility of oxygen contamina-
tion in FeSe,_s;, as McQueen er al 10 pointed out, for
FeSe;_s0,. We will leave this issue to a later discussion.
Figure 4 displays a typical nuclear spin-lattice relaxation
curve [M(7): nuclear magnetization as a function of time] for

FeSegs at 16 K. Stretched exponential behavior [e=/70"] is
observed, in contrast to the single exponential in FeSe o9 and
FeSey o;.” This means that T is distributed in FeSe g5, due to
Se-vacancy-induced disorder. We note that the single expo-
nential, in the nearly stoichiometric FeSe polycrystal
samples, implies a nearly isotropic T, although it possesses
a 2D layered structure. A stretched exponential, caused by
anisotropic 7', is then ruled out. The inset shows the
stretched exponent («) obtained from a stretched exponential
curve fitting. This temperature-dependent exponent implies
that different Se sites have different temperature-dependent
1/T,. Similar behavior was also reported in FeSe g,.!?

The relaxation rate from the stretched fit is plotted in Fig.
5. The Korringa-type behavior (T,T=const), for tempera-
tures between T, and 50 K, in FeSe g3 and FeSe o,, is actu-
ally misleading because both 1/7; values are directly from
the stretched exponential fit. These stretched data cannot re-
flect the true average behavior for 1/(T,7) since the
stretched exponent is known to be temperature dependent.
Masaki et al. have fit their FeSe o, relaxation curves, using a
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FIG. 4. ""Se nuclear spin-lattice relaxation curve for FeSe gg at
16 K [M(z): nuclear magnetization]. Dashed line: single exponential
curve. Inset: stretched exponent from the stretched exponential
curve fitting [¢~®/T0%).
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FIG. 5. Plot of "’Se 1/(T,T) as a function of temperature. Data
for FeSe o7 and FeSe o9 are single-7 values reproduced from Ref.
7. Data for FeSejqg, (reproduced from Ref. 13) and FeSegq are
stretched-T' values (see text).

two-T, function, and found that the short 7; component dis-
plays an enhanced 1/T that is similar to FeSe(g9.> The up-
ward 1/(T,T), just above T,, has been considered as evi-
dence for the connection of spin fluctuations to
superconductivity in FeSe.” In order to catch the intrinsic
feature from the distributed 7, we calculated the average
1/T,, directly from the initial slope of the relaxation curve,'*
instead of the two-T, fit. Figure 6 (filled circles) gives the
average 1/(T,T) data for our FeSe ¢g. Indeed, similar upris-
ing behavior, at low temperature, is seen in our sample, in
contrast to the flat behavior in the nonsuperconducting
FeSe ¢7. Note that the drop of 1/(T,T) below T,, expected
from the opening of the superconducting gap, is smeared out
due to the broad 1/T,; distribution.

We can see that the size of the spin fluctuations seems to
decrease with 6, for the superconducting samples, by looking
at the 1/(T,T) value just above T, (Fig. 5). If the magnetic
fluctuations are strongly linked to the Cooper pairing in
FeSe, why do FeSe o9, FeSe q,, and FeSe,gg show similar
onset 7.? The superconducting volume fraction estimated
from our ac susceptibility experiment may provide a clue.
Figure 7 (open circles) shows our dynamical magnetic-
susceptibility data for FeSe gg. It was measured by using the
LC resonant circuit originally for NMR experimeﬂs.7 This
method utilizes the resonance frequency w (~1/VLC) of the
LC circuit which changes with the inductance, which in turn
depends on the sample susceptibility y. That is, L=L[1
+47x(T)], Ly: inductance of the NMR coil. The rising of the
frequency-shift ratio [defined as w(7T)/w(15)—1] in Fig. 7
represents the superconducting transition because w in-
creases as it enters the superconducting state, Y <0. The size

I 10 100
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FIG. 6. The average (T,7)"", of 7’Se in (Fe;_,Cu,)Se,_s mea-
sured at 60.99 MHz (~75 kG).
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FIG. 7. Data for the ac magnetic susceptibilities of FeSe gy
(reproduced from Ref. 7), FeSeggs, (FepooCuggi)Seggs, and
(Feg.0gCug 02)Seq gg- The frequency shift, on the vertical axis, is ex-
plained in the text.

of the frequency-shift ratio gives a rough estimate of the
superconducting volume fraction.

We found that FeSe,gg has a superconducting volume
fraction significantly smaller than FeSe o since FeSe gg has
a smaller frequency-shift ratio. The dc bulk susceptibilities,
reported in Ref. 12, show the similar result of a weaker su-
perconducting diamagnetic response in FeSe g, if the back-
ground signal from impurities is subtracted. Note that the
pressure experiment on FeSe( o9 shows that 7, and supercon-
ducting volume fraction vary simultaneously with pressure,’
unlike in the Se-deficient case, where only superconducting
volume fraction varies with Se deficiency. We also did the
two-T analysis for our FeSe,gg and found that the volume
fraction, for the short 7, component, is about 50%, which is
10% less than that in FeSeq,.?

Combining the reduced superconducting volume fraction
in the Se-deficient FeSe with the findings from the previous
discussions, i.e., the different temperature-dependent 1/7 at
different Se sites and the reduced spin fluctuations at a larger
o, we infer that the Se-deficient FeSe has an inhomogeneous
phase, where the superconductivity comes from regions with
few or no Se vacancies. The Se-vacancy-free region has
much stronger magnetic fluctuations than the Se-vacant re-
gion. When greater vacancy is introduced in FeSe, both the
overall spin fluctuations and superconducting volume frac-
tion decrease. However, this picture cannot explain why the
superconductivity disappears in FeSeo7.!% Is this really due
to the oxygen contamination in those Se-deficient samples so
that the superconductivity is actually from FeSe;_sO,, in-
stead of FeSe,_s? An oxygen-free FeSe g, has been reported
by Williams et al., with magnetic susceptibility clearly show-
ing a superconducting diamagnetic response, if the back-
ground signal from impurities is subtracted.'? Therefore, we
think it unlikely that occurrence of any oxygen contamina-
tion is the cause. While preparing this paper, we noticed that
a different result was recently reported, where the supercon-
ductivity was claimed to exist in a narrow range of §=0.03,
These recent experiments, together
with our own, indicate that the superconductivity emerges
from the nearly stoichiometric FeSe.

Figure 8(a) shows the ’Se NMR spectra in the normal
state of (Fe,_,Cu,)Se,_s at 15 K, where the linewidth in-
creases rapidly upon Cu doping and then saturates. This im-
plies that Cu substitution induces a magnetic moment so that
the line broadening is dominated by magnetic disorder, rather

. 15
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than by structural disorder. Judging by the rapid increase in
the 7’Se NMR linewidth, the disorder effects may or may not
correlate with the rapid suppression of 7, by the Cu doping.
In contrast, the ®Cu linewidth [Fig. 8(b)] gradually de-
creases with the Cu doping, which suggests that the induced
moments are not at the Cu sites but at Fe sites.

So why do %Cu and "’Se linewidths behave so differ-
ently? Normally the NMR spectrum becomes wider and
more asymmetric when the increase in doping level is
begun.'®17 But here, the *Cu linewidth can come from both
the doping-induced magnetic shift distribution, and the pow-
der patterns due to the anisotropic shifts and quadrupolar
effects. The broad shoulders, on both sides of the central
peak, are caused by the quadrupolar broadening. Because
these broad shoulders stay nearly unchanged, unlike the cen-
tral peak which sharpens at higher Cu doping, the quadrupo-
lar effects probably do not cause the narrowing of the central
peak. Note that the centroid of the spectrum moves closer to
the unshifted reference line at higher Cu doping, which im-
plies that the Cu nuclei do not much feel the hyperfine fields,
from the neighboring Fe/Cu spins, at a higher doping levels.
Since there is no direct chemical bonding between the Cu
and Fe atoms, part of the ®*Cu frequency shift at low Cu
doping comes from the transferred hyperfine coupling, me-
diated by the conduction electrons. For higher Cu doping, we
suspect that the metal-insulator transition reduces the number
of conduction electrons so that the transferred hyperfine cou-
pling becomes weaker. Therefore, both the magnetic shift
and linewidth decrease at higher Cu doping. This is different
from the 7’Se spectra, where there is direct wave-function
overlap between the Se 4p and Fe 3d electrons so that the

PHYSICAL REVIEW B 81, 144513 (2010)

. .
10F o (Femcu.\)seo.ss
g _ 0.
r Q 15K
f 04 @O~ 0
_ 6f ° e X
M . 021 F(Fe, ,,Cuy,)Se,
o 4 ® 300
~ 27000 002 004
2+ xin (FeHCu\)Se“ s
(U o—eo
(Feo 99cu0 01 )Se() 85
2 . .

0.00 0.02 0.04 0.06
x, Cu

FIG. 9. Superconducting phase diagram of the Cu-doped FeSe.
Inset: 7’Se NMR linewidth, as a function of Cu doping, at 15 K.

"’Se nucleus can always effectively probe the Fe spins, to
show a broader linewidth at higher doping (Fig. 9).

As with Se-deficient FeSe, stretched exponential behavior
is observed in the spin-lattice relaxation curves for all
(Fe,_,Cu,)Se,_s Their average (T,7)" curves are plotted in
Fig. 6. Within experimental error, all of our samples show
similar average 1/(T,T) behavior, the values increasing at
lower temperature. Interestingly, Cu substitution does not al-
ter spin fluctuation in FeSe, g5, though Cu®* possesses a spin
different from Fe?*. We note that both superconducting vol-
ume fraction and 7 rapidly decreases, upon Cu doping. This
is different from the Se-deficient samples, where only super-
conducting volume fraction reduces significantly. The similar
superconducting volume fraction, found in
(Feg.09Cug01)Segss and (FegosCuyg)Seqss, could be an ef-
fect of compensation, due to the different values of x and 9.
Recent transport experiments, on (Fe,_,Cu,)Se,_s have
shown that increasing Cu doping migrates the metallic state
to a Mott insulator.'’!? Therefore, we suspect that the sup-
pression of T, is mainly due to the change in the electronic
states rather than the spin dynamics.

In summary, we conducted comprehensive studies of the
"’Si NMR in the Se-deficient and Cu-substituted FeSe. By
comparing our data with previous literature, we infer that
FeSe,_s has an inhomogeneous phase, where the supercon-
ductivity emerges from regions with little or no Se vacancy.
As for the T, suppression in (Fe;_,Cu,)Se;_s magnetic fluc-
tuations are not directly relevant. We suspect that it is the
electronic states that change most with Cu substitution so
that a metal-insulator transition arises after 7 is suppressed.

This work was supported by NSC under Grant No. 96-
2112-M-009-018-MY2 and the MOE ATU Program.

*Corresponding author; blyoung @mail.nctu.edu.tw

'F-C. Hsu et al., Proc. Natl. Acad. Sci. U.S.A. 105, 14262
(2008).

2S. Medvedev et al., Nature Mater. 8, 630 (2009).

3S. Margadonna et al., Chem. Commun. (Cambridge) 2008,
5607.

4A. Subedi ef al., Phys. Rev. B 78, 134514 (2008).

SM. V. Sadovskii, Phys. Usp. 51, 1201 (2008).

SM. H. Fang et al., Phys. Rev. B 78, 224503 (2008).

"T. Imai et al., Phys. Rev. Lett. 102, 177005 (2009).

8S. Masaki et al., J. Phys. Soc. Jpn. 78, 063704 (2009).

9Y. Mizuguchi ef al., Appl. Phys. Lett. 93, 152505 (2008).

10T, M. McQueen et al., Phys. Rev. B 79, 014522 (2009).

I'T. Huang et al., arXiv:0907.4001 (unpublished).

12A. J. Williams et al., J. Phys.: Condens. Matter 21, 305701
(2009).

I3H. Kotegawa et al., J. Phys. Soc. Jpn. 77, 113703 (2008).

4C. P Lindsey et al., J. Chem. Phys. 73, 3348 (1980).

ISE. Pomjakushina et al., Phys. Rev. B 80, 024517 (2009).

I6L,. J. Swartzendruber et al., J. Appl. Phys. 39, 2215 (1968).

17G. Papavassiliou et al., Phys. Rev. B 66, 140514(R) (2002).

144513-4


http://dx.doi.org/10.1073/pnas.0807325105
http://dx.doi.org/10.1073/pnas.0807325105
http://dx.doi.org/10.1038/nmat2491
http://dx.doi.org/10.1039/b813076k
http://dx.doi.org/10.1039/b813076k
http://dx.doi.org/10.1103/PhysRevB.78.134514
http://dx.doi.org/10.1070/PU2008v051n12ABEH006820
http://dx.doi.org/10.1103/PhysRevB.78.224503
http://dx.doi.org/10.1103/PhysRevLett.102.177005
http://dx.doi.org/10.1143/JPSJ.78.063704
http://dx.doi.org/10.1063/1.3000616
http://dx.doi.org/10.1103/PhysRevB.79.014522
http://arXiv.org/abs/arXiv:0907.4001
http://dx.doi.org/10.1088/0953-8984/21/30/305701
http://dx.doi.org/10.1088/0953-8984/21/30/305701
http://dx.doi.org/10.1143/JPSJ.77.113703
http://dx.doi.org/10.1063/1.440530
http://dx.doi.org/10.1103/PhysRevB.80.024517
http://dx.doi.org/10.1063/1.1656532
http://dx.doi.org/10.1103/PhysRevB.66.140514

