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The nature of the magnetic correlations in Fe-based supéuctors remains a matter of controversy. To
address this issue, we use inelastic neutron scatteringai@cterize the strength and temperature dependence
of low-energy spin fluctuations in FedgsSe.¢5 (1T ~ 14 K). Integrating magnetic spectral weight for energies
up to 12 meV, we find a substantial moméhi/?) > 0.07 3 /Fe)that shows little change with temperature,
from belowT to 300 K. Such behavior cannot be explained by the resporsmdiuction electrons alone; states
much farther from the Fermi energy must have an instantantmal spin polarization. It raises interesting
questions regarding the formation of the spin gap and rem@npeak in the superconducting state.

PACS numbers: 74.70.Xa, 75.25.-}, 75.30.Fv, 61.05.fg

Antiferromagnetism and superconductivity are common tcelastic magnetic neutron scattering measurements. Tthie is
the phase diagrams of cuprate and Fe-based supercondgmwal of the present work.

tors, and it is frequently proposed that magnetic correfesi In this paper, we report an inelastic neutron scatteringystu
are important to the mechanism of electron paitthgEx-  on the temperature evolution of the low-energy magnetiéexc
periments on various Fe-based superconductors have demagtion of an FeTe .. Se, sample with x=65%. The magnetic
strated that magnetic excitations coexist with, and are-modexcitations belowZ, ~ 14 K are almost identical to those
ified by, the sup_erconductlwty_. In p_a_rtlcular, the low en- measured previous|y on Superconducting ReTl&e, sam-
ergy spin excitation spectrum is modified by the emergencgjes withz < 50%7-11-2% having a spin gap of 5 meV and

of a “resonance” peak and spin gap in the superconducting resonance at 7 meV, with anisotropic dispersion along
phasé™. The magnetic structures and excitations have beefhe direction transverse @,. On heating tal’ = 25 K, the
extensively studied by neutron scattering in theSGGlZSBl/,?tEmS resonance disappears, with spectral weight moving into the
cluding theAFe,As; (“122", A=Ba,Sr,Ca) systefn® o the  gap.TheQ dependence of the spectrum is still narrow around
RFeAsO (“1111”,R:La,Ce,Pr,ll\lldz,OGztlil.Sm) SyStéf‘” , and_ hw ~ 5 to 6 meV, but appears to disperse outwards for en-
the FeTe_,Se, (“11) systenT*+?%21 Despite some vari- ergies both above and belosimilar to the those observed in
ation in the magnetic structure of the parent compounds, ifhe cuprate®-2439 With further heating, the spin excitations
all known Fe-based superconductors, the “resonance” scCUpear the saddle point{ 5 meV) start to split inQ and be-

at the sameQ, ~ (0.5,0.5,0) (in 2-Fe unit cell unit). At come clearly incommensurate, exhibiting a “waterfallustr
low temperature, the resonance is also accompanied by a wef{yre at 100 K and above, similar to the situation in underdope
defined but anisotropic dispersiii-*°along the transverse yBa,Cu;04.,2% However, the integrated spectral weight
direction, with a spin gap below which there is no spectralpelow i = 12 meV remains almost unchanged as a func-
weight in the superconducting state, resembling the sfBit X tion of temperature, indicating a large energy scale associ
tations in many high Tcuprate® 22 ated with the stability of the instantaneous magnetic mamen

One essential and currently unsettled issue is the nature dihe absolute normalization of the low-energy (LE) weight
the magnetism in the Fe-based supercondutténscontrast ~ gives a lower limit (not counting the strong spectral weight
to the Mott-insulating parent compounds of the cuprates, that higher energiéy of (1/2) .z ~ 0.07u7%/Fe. Such a robust
parent compounds of all of the Fe-based superconductors aféld sizable moment is apparently beyond the standard con-
poor metals. This naturally leads to the suggestion ofiiine ~ Sideration of spin-density-wave pictdfe and strongly sug-
magnetism resulting from the nesting of the Fermi surface, ogests that local moment magnetism is present in the Fe-based
more generally, enhancement of non-interacting susdeptib superconductof8
ity 25, Disregarding the apparent failure of such itinerant pic- The single-crystal sample used in the experiment was
ture in producing the so-called bi-collinear magneticaiee  grown by a unidirectional solidification method with nomi-
of Fe1+yTe27, the spin-fluctuation picture of superconductiv- nal composition of FggsTey 355665 (8.69). The bulk sus-
ity 26 is qualitatively appealing, and appears to give a natuceptibility, measured with a superconducting quantumrinte
ral explanation for the spin resonance and spirf§agever-  ference device (SQUID) magnetometer, is shown in in Fig. 1
theless, there are recent theoretical analyses that duipgés (b), indicating?. ~ 14 K. Neutron scattering experiments
there may be a significant local-moment character to the magvere carried out on the triple-axis spectrometer BT-7 ledat
netism,as a consequence of Hund’s rule coupling among Fat the NIST Center for Neutron Research. We used beam
3d electrong®. A direct way to test the different theoretical collimations of opers0’-S-50"-open (S = sample) with fixed
perspectives is to evaluate the instantaneous moment from ifinal energy of 14.7 meV and two pyrolytic graphite filters



after the sample. The lattice constants for the sample are
a=0b=381A andc = 6.02 A, using a unit cell contain-

ing two Fe atoms. The inelastic scattering measurements hav
been performed in théH K0) scattering plane [Fig. 1 (a)].
The data are described in reciprocal lattice units (r.l.af)
(a*,b*,¢*) = (2r/a, 27w /b, 27 /c). Absolute normalizations
are performed based on measurements of incoherent elastic
scattering from the sample.
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FIG. 1. (Color online) (a) The schematic diagram of the rmutr

scattering measurements in thH K0) zone. Dashed lines denote

linear scans performed acrogg = (0.5,0.5,0) in the text. (b)  pehavior is inconsistent with crystal symmetry, which mag-
ZFC magnetization measurements by SQUID with a 5 Oe field perhetic or simple phonon scattering must follow. The nature
pendicular to the:-b plane. 7. ~14K is marked by a dash line. (C) ¢ this spurious peak is not entirely known. It is very likely

Constant Q scans ), taken at different temperatures: 5 K (red cir- - . . . 7.
cles), 25 K (blue squares), 100 K (green triangles), and 3(lack not associated with magnetic scattering from the sampe; it

diamonds). Fitted background obtained from constant enezgns grovvth_with temperat_ure Sl_JggeStS t_hat it arises from multi-
has been subtracted from all data sets. scattering processes involving certain phonon modes.ufort

nately, it only appears on the lardé side, leaving the small

Low energy spin excitations are mainly distributed n@gr £ Side uncontaminated. In our data analysis, we fit the mag-
in-plane wave-vector, similar to the case in the 50% Se dopef€tic signal using a double Gaussian function, with two peak
sampléL32. In Fig. 1(c), we show consta@-scans aQ, spht symmetrlcglly abouf), p|U§ a single G_au.55|an.flunc-
from 4 K to 300 K. There is a clear resonance peak for datdion for the spurious peak. The fitted magnetic intensitres a
taken in the superconducting phage £ 4 K, red circles). presented as contour maps in Fig. 3. W|th the spurious _peak
When heated aboveé., the resonance peak disappears, andgm(_)ved, one can gasﬂy see the evolution of the magnetic ex-
spectral weight starts to fill in the gap belay ~ 5 meV,  Citation spectrum with temperature.

For the normal state, the intensity @} appears to peak at  In the superconducting phase, Fig. 3(a), there is vere littl
aroundhiw ~ 10 meV. These results are in good agreementpectral weight below 5 meV, while the excitations disperse
with previous neutron scattering measuremétsndicating  outwards at higher energies. As a function of temperature
that further Se doping above the optimal value of 50% doeg$Fig. 3(a)-(d)], the dispersion at the highest energiesgka

not significantly alter the low-energy magnetic excitatdm little, and one can still observe well defined magnetic exci-
the system. tations athw = 12 meV up toT = 300 K. The tempera-

Constant energy scans acrd@3g, performed in the trans- ture effect on the dispersion below the resonance energy is
verse direction, are plotted in Fig. 2. One can see how thenuch more pronounced. On warming from 4 K to 25K, inten-
resonance disappears with heating in Fig. 2 (c) and (d). Fosity that emerges below the gap appears to disperse outwards
hw < 6.5 meV, Fig. 2 (a)-(c), we note that the peak on theslightly, as shown in Fig. 3 (b). Our results are consistatit w
right side [largerK side, neaf0.25,0.75,0)] is further outin  thosein in Ref. 11, where the spectrum is narrowe&t &t the
Q, with respect tay,, compared to its counter-part on the left saddle point around 5 meV, and becomes broader for energy
(small K) side, and becomes disproportionately strong. Thidransfers both above and below f6r> T..



= |
i
I _.0.10
= , 2
— — “a
© 20 b b
v 1 = / 5’50.05 - :
@ % 100K A
o N / 5 =
o S5 1V 0.00 (b)
S Z ’
~ ‘a 0 100 200 300
= s T (K)
WW\ H!WHH \N‘ I o = £ k(e
{ i I < 2 a 10 ©
f W % 2 S
S i = [ € ¢
| iog =4 £
I ) 2 5 i | S
£ g 5 A
©
g HLIER
oL I I I I I I T o0 8 5
0 2 4 6 8 10 12 0 2 4 6 8 10 12
ho (meV) ho (meV)
0

00 02 04 06 08 10 02 04 06 08 1.0
(1-K,K,0) (r.l.u.)
FIG. 4. (Color online) (a)Q-integrated (integrated only in one-
dimension, along the transverse direction) magnetic gitgnob-
FIG. 3. (Color online) Contour intensity maps showing thee@it  t&ined based on the fit described in the text, plotted vs. éeap
magnetic scattering intensity verstis andQ at different tempera-  turé- (b) Average squared magnetic moment per Fe site vs. tem-
tures: (a) 4 K, (b) 25 K, (c) 100 K and (d) 300 K. peratl_Jre, for spt_ectral yvelght mtegra_ted ole hw < 12 meV.
(c) Q-integrated intensity for the spurious peak around (0-25,0),
plotted vs. temperature.

With further heating, the Q-dependence of the spectrum
changes most dramatically near the saddle point. TA&
100 K, the lower part of the dispersion clearly moves outward o
from Q,, as shown in Fig. 3(c). The saddle point at 5 meV ac- ut occurs at temperatures well within the normal state, and
tually disappears, and the dispersion becomes clearlyrinco Its origin is not en.t|rely u.nderstogd. ] o
mensurate and almost vertical. There is little change bmtwe ~ Our key result is obtained by integrating the magnetic sig-
100 K and 300 K. nal overQ and/w. The measured inelastic magnetic scat-

InFig. 4 (a) and (b), we plot the intensities, integratechglo tering intensity s proportlllonal to the dy{\&r‘%c fp'n chafel
Q = (1 - K, K,0), of the magnetic scattering and the spu- 1" function5(Q,w) = x (Q’w)/u;of »7), which
rious peak. The effect of the resonance in the supercondudiollows the “sum rule” that[,, , dQ [~ S*%(Q,w)dw =
ing phase is observable up & ~ 10 meV. The plot of the 3%6(”(]\12)/92, wherev* is the volume of the Brillouin
spurious-peak intensity shows signs of temperature dictiva zone. By integrating the normalized spectral weight up to
and is peaked near 5 meV; in any case, its scale is generallyw ~ 12 meV, we can obtain a lower bound of the mag-
small compared to the magnetic signal. netic moment per Fe. For th@ integration, we assume the

The magnetic response in the normal state shows little terrPeak width along the longitudinal direction is same as trans
perature dependence and the main spectral weight is alwayérse direction and that the response is uniform alorigased
located at higher energieg (6 meV). Compared to that in 0N results from previous measuremeft For energy, we
the superconducting state, the low energy spectral welight ( integrated over the interval 0 meV iw < 12 meV, using
low the gap) does appear to increase in the normal state whéhe low-energy extrapolation indicated by the dashed lines
the “resonance” near 6.5 meV disappears, but remains aimokig. 4(a). From this integral, we obtain a spectral weight of
unchanged with further heating for T up to 300 K. This is con-(M?) L = 0.07(3) u7, per Fe. The temperature dependence
sistent with the system having no static magnetic ordenat lo Of this quantity is negligible, as shown in Fig. 4(c). Simila
temperature, and therefore no shift of spectral weight fiteen ~ behavior showing little temperature dependence of the inte
elastic channel into those at low energy transfers upon heagrated spectral weight is also evidenced in the AFM insulato
ing. The lack of temperature dependence for the magnetic ex-22Cu0,% where magnetism is dominated by local moments.
citation spectrum in the normal state for T between 25 K and The moment we have evaluated is only a small fraction
300 K, suggests a large energy scale associated with the magfthe total moment per site, considering that previous mea-
netic response. We also note that the dispersion changas frasurements have shown significant spectral weight all the way
a near hour-glass shape at low temperatufes=( 4 K and  up to a few hundred méV Nevertheless, such a large low-
25 K) to a “waterfall” shape at high temperaturds£ 100 K energy magnetic response is already an order of magnitude
and 300 K). This change in dispersion is qualitatively simi- larger than what is expected from a simple itinerant picture

ar to the behavior reported for underdoped ¥8a; O, .2,



For example, taking the density of stateat the Fermi energy

of ~ 1.5 states/eV from a non-magnetic LDA calculation for
FeSe, the corresponding bare susceptibility{ &f?); » de-
rived from electrons near the Fermi level can be estimated
to be no more than of order 0.09#;, per Fe within an ex-
citation energy range of 12 meV. Even including a mass en-
hancement factor of 2 to 3 as observed by photoemi&sin

the resulting spectral weight is still at least an order ofma
nitude smaller than our observation. One could in principle
fine-tune the interaction strength to bring the magnon pmle t

a very low energy to enhance the spectral weight, but then it
will surely generate a strong temperature dependence of the
spectral weight, in drastic contrast to our observatioiThe
observed lack of temperature dependence suggests that elec
tronic states over a large energy range contribute to the ef-
fective moment, which is consistent with having a significan
local moment, as suggested by recent theoretical $#ork

We are, of course, not suggesting that the system should be-
have like an insulator with only a local moment contribution
the magnetism. Apparently the rod-like dispersion we oleser
cannot be explained by spin-wave excitations emerging from
a Heisenberg Hamiltonian. Nevertheless, our results de sug
gest that the simplest itinerant picture of weakly intaragt
electrons cannot be used to quantitatively explain theelarg
temperature independent magnet moment in neutron scatter-
ing measurements. In addition to states near the Fermi sur-
face, states at higher energies will have to be consided (n
perturbatively) when magnetism as well as supercondugtivi
are concerned.

This leads to an interesting question. For the itinerant pic
ture, the spin gap and resonance come out naturally from the
pairing gap for the quasiparticles—although they are sigasi
to the symmetry of the order parameter. If the magnetic mo-
ments involve states at high binding energies, then one must
reconsider the evaluation of the resonance. It is cleartligat
magnetic correlations are sensitive to the developmerdiof p
ing and superconductivity; however, the electrons invoive
the pairing and in the magnetism are not necessarily id&ntic
Similar issues have been raised in the case of cupratese Thes
issues also raise questions concerning the nature of thiegai
mechanism.
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