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Spin excitations are one of the top candidates for mediai@ctron pairing in unconventional superconduc-
tors. Their coupling to superconductivity is evident in egnumber of systems, by the observation of an
abrupt redistribution of magnetic spectral weight at theesoonducting transition temperatui&, for energies
comparable to the superconducting gap. Here we reportsitielzeutron scattering measurements on Fe-based
superconductors, ke, (Ni/Cu). Tey.5Se 5, that emphasize an additional signature. The overall sbapiee
low energy magnetic dispersion changes from two incomnretswertical columns &f' > 7. to a distinctly
different U-shaped dispersion at low temperature. Impaigathis spectral reconstruction is apparent for tem-
perature up to~ 37.. If the magnetic excitations are involved in the pairing freatsm, their surprising
modification on the approach . demonstrates that strong interactions are involved.

In weak-coupling models of magnetically-mediated super- Single crystals of Fe_,_,(Ni/Cu), Tey 5Se) 5 were grown
conductivity, magnons essentially replace phonons asdite p by a unidirectional solidification method [13] at Brookhave
ing bosons [1]. By assumption, the interaction between thé&lational Laboratory. The lattice constants are= b =
electrons and bosons is not strong enough to significantl$.81 A andc = 6.02A, using the two-Fe unit cell. For conve-
modify the bosonic excitation spectrum. In conventionalnience, we label these samples as Ni02, Ni04, and Cul0, ac-
systems, superconductivity does modify the self-energy o€tording to the amount of Ni/Cu doping on the Fe site. To min-
the phonons, causing changes in the energy-dependent linierize Fe interstitials, a nominal composition of= —0.02
shape, but there is no significant change in the phonon diswas used for all three samples. The neutron scattering ex-
persion [2, 3]. In many unconventional superconductors, inperiments on the two Ni02 and Ni04 samples were carried
cluding high7’, cuprates [4—7], heavy Fermion superconduc-out on the BT7 triple-axis-spectrometer at the NIST Center
tors [8, 9], and the recently discovered Fe-based supetmsnd for Neutron Research, using beam collimations of op&n-
tors [10-12], one observes, on cooling beldy the gapping  S-50'-240/, a fixed final energy of 14.7 meV and two pyrolytic
of low-energy spin fluctuations and a shift of spectral weigh graphite filters after the sample. The Cul0 sample was mea-
to a “resonance” peak. Empirically, the magnetic spectrunsured on the HBL1 triple-axis-spectrometer at the High Flux
found above and belo. tends to be qualitatively the same. Isotope Reactor, Oak Ridge National Laboratory. with beam
collimations 0f48’-40/-S-60'-240’, fixed final energy of 13.5
meV , and two pyrolytic graphite filters after the sample. No
crystal samples of the superconductoi Fe€ 555 (the  giatic order around (0.5,0,0.5) was found in any of the three
,1:1 sy_stem,Tc - 1_4 K) as we perturb_ th? system by mak- samples. The inelastic scattering experiments were all per
ing partial substitutions for Fe. Substlt_utmg 2%_ and 4% of¢ . adin the( H K0) zone, so that the scattering plane is de-
Ni reducesT,. to 12 K and 8 K, respectively, while 10% of fineq 1y the [100] and [010] wave-vectors. All data have been
Cu results in an absence of superconductivity, as shown ifjj . maiized into absolute units o,V ~/Fe by incoherent

F;}g. 1 éa)'l Our |nelast|c<neutr0n scattering measurements, e scattering intensities from the samples. X-rafyatif
show that low energy/{v < 12 meV) magnetic excitations tion measurements of lattice parameters were performed at

transform from having two peaks clearly (about a quarter Ofoeamline X22B of the National Synchrotron Light Source,
Brilloiun zone) away from the M-point in reciprocal space Brookhaven National Laboratory.

[(0.5,0.5,0) using the two-Fe unit cell] at high temperature in

the normal state, to having a broad maximum at the M-point We are interested in the magnetic excitations near the M-
at low temperature in the superconducting phase. This dragoint, which we define aQar = (0.5,0.5,0). Note that this

tic change on the magnetic dispersion between the supercois- different than the ordering wave-vector (0.5,0,0.5) haf t
ducting and non-superconducting phases suggests thagistroparent compound FeTe, but it is the same in-plane wave vec-
correlations between electrons have to be taken into atcoutor characteristic of magnetic scattering in other Fe-tase
when the magnetic and electronic properties of the “1:1* sysperconductors. Figure 1 (c)-(e) shows the measured iielast
tem are considered. neutron scattering intensity as a function of energy olethin

Here we study the low-energy spin fluctuations in single-



atT = 2.8 Kand 15 K for all three samples. It has been es-
tablished in previous studies [14—17] that the unpertusoed
perconductor has a magnetic resonance pe#k at 7 meV.

Here we see thall,. decreases te- 6 and 5 meV in the Ni02

and N04 samples, respectively, while there is no observable
resonance in the nonsuperconducting Cul0. One can also see
a spin gap of about 3 meV in Ni02, but the gap is more difficult 3
to resolve for NiO4. o
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Things get more interesting when we look at the wave- &

~

vector () dependence of the magnetic scattering. It has been>
established in previous studies [14, 15, 18] of supercoilduc <

ing FeTe_,Se, that the magnetic excitations disperse from

Qar only in the transverse direction, alofig —1,0]. Fig-

ure 2 shows scans along this direction for the Ni04 sample at

a series of energies, illustrating the variation of thdepen-
dence as the temperature changes from 2.&KI() to 15 K

(2 T.) and then up to 100 KI{ > T¢). The variations are mi-
nor at the higher energies, as in Fig. 2(e)-(f), but becorae dr
matic forE ~ E,. = 5 meV, as in Fig. 2(a)-(c). The change
fromT <« T.toT =z T. is simply the standard resonance
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behavior. The feature that we wish to emphasize is the change

from a single commensurate peakiag 7. to a pair of well-
resolved incommensurate peakgat- T.. This change can-

FIG. 2. (Color online) Wave-vector dependence of the magnet
scattering intensity along the transverse direction tYhaQar [see

not be confused with a temperature-dependent change in peglg. 1 (b)] for the Ni04 sample &f = 2.8 K (red circles), 15 K
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FIG. 1. (Color online) Magnetic susceptibility and inelasteutron
scattering measurements performed on the Ni02, Ni0O4, Cadd,
SC50 (FeTesSe).5) samples. (a) Magnetic susceptibility measure-
ments, and (c), (d), () magnetic neutron scattering iitiensea-
sured alQar With "= 2.8 K (red circles) and 15 K (blue squares).
The error bars represent the square root of the number ofsdit-
ted background obtained from constant-energy scans hassoke
tracted from all data sets. The (HKO) scattering plane istgibin

(b) while the dashed line denotes the direction for the xsshown

in Fig. 2.

(blue squares), and 100 K (green triangles), obtained ataexc
tion energies (a) 3.5 meV, (b) 5 meV, (c) 6.5 meV, (d) 8 meV, (e)
11 meV, (f) 20 meV [which was measured in a higher zone, near
Q = (1.5,0.5,0)]. Solid lines are guides to the eye. [The spurious
peaks neafl’ = 0.1 and 0.9 in (a) have the temperature dependence
of phonons, and are only significant at the lowest energies.]

The same data are presented again, slightly cleaned up and
in a different format, in Fig. 3(a)-(c). The lower-tempena
data exhibit a U-shaped dispersion, with the bottom of the U
at~ FE,.. Except for the change in the resonant peak, the ba-
sic shape of the dispersion does not really change on cgpssin
T.. In contrast, the dispersion at 100 K is qualitatively diffe
ent: it looks like the legs of a pair of trousers. It also looks
very similar to the low-temperature dispersion of the non-
superconducting Cul0 sample shown in Fig. 3 (d). (Note that
limited measurements on a nonsuperconducting Ni10 sample
are consistent with the Cul0 results.)

There is clearly a major change in the low-energy portion of
the dispersion between 15 and 100 K, but how does it change
between those temperatures? This is illustrated in Figo4. F
cusing in particular on the results for the Ni0O4 sample, in
Fig. 4(e) we see that the crossover is continuous in temper-
ature, but with a reasonably defined mid-poing8at- 10 K.

For Ni02, the midpoint may be closer to 40 K. In both cases,
the crossover occurs at temperatures of oBdér We previ-
ously observed [17] hints of this temperature dependentmod
ification of the dispersion in superconducting FeJ£5e) ¢5;
however, the high-temperature incommensurability wasgot
large nor as well resolved as for the Ni- and Cu-doped samples
[see Fig. 4 (e)].
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FIG. 4. (Color online) Thermal evolution of the magnetic ttea
ing athw = 5 meV. The data are measured throu@ar along the
transverse direction for the Ni02 sample at (a) 100 K, (b) 4@QdX
15 K, (d) 2.8 K, and (e) for the Ni0O4 sample plotted as an iritgns
FIG. 3. (Color online) Magnetic scattering intensity pémttfor the ~ CONtour map in temperature—wave-vector space. The dataliean
Ni04 sample in energy-momentum space at (a) 2.8 K, (b) 15 &, an Smoothed. The yellow and black symbols in (e) denote theeeorr
(c) 100 K. Results for the Cu10 sample measured at 2.8 K ate plo SPonding peak positions for the Ni02 sample (yellow sqyaaes
ted in (d). The data have been smoothed, and non-magnetis shafor @ superconducting fre;Ten 35Se 65 sample [17].

spurious signals [see Fig. 2(a)] have been removed forrbateal

effects.

the maximum Se concentration examined in that work) [22];
at smallerz, the transition to the monoclinic phase was ob-

It is possible to see the incommensurate columns of magserved.
netic scattering even at low temperature when the supercon- |n the iron-based superconductors, it has been proposed tha
ductivity is suppressed, as shown for the CulO sample ifhere are competing electronic instabilities similar tosté
Fig. 3(d). A similar low-temperature spectrum has been obin the cuprates [23, 24]The existence of a nematic phase
served previously in non-bulk-superconducting “1:1” sé&8p  that is directly related to orbital order has been proposet a
such as FeosTey.73S@.27 [18] and Fe 10 Tep.75S@.25 [19].  discussed in detail [25] In addition to antiferromagnetism
ThUS, whether one destl’oys the SUperCOﬂdUCtiVity with exce and Superconductivity’ the material also has a propens.ity t
Fe or by sufficient substitution of Cu (or Ni), the impact on ward 2/ orbital ordering, which has been observed di-
the magnetic excitations is qualitatively similar. rectly by angle-resolved photoemission spectroscopy én th

There is an evident pattern that superconducting 1:1 sanease of Ba(Fe_,Co,)2As; [26]. Such ferro-orbital ordering
ples have commensurate or almost commensurate magas been shown theoretically to couple strongly to the com-
netic excitations at the resonance energy, while nonmensurate magnetic correlation in both strong coupling [27
superconducting samples have incommensurate excitationsnd weak coupling [24] picture.
Our results for the Ni-doped samples show that it is possible jith Se doping, disorder due to the mixture of Se and Te
for a sample to transform from the incommensurate phase g2g], as well as our partial substitutions for Fe, will terad t
high temperature to the low-energy-commensurate phase Gfustrate long-range ordering. The abnormal behavior ef th
cooling. The commensurability appears at the energy s€ale on-plane lattice parameter reported in Ref. 22 and in our%ig
the resonance energy at a temperature 6f ., whichis coin- s likely related to local structural changes similar to $hreic-
cidentially also comparable to the maximum pressure-induc tural phase transition in the parent compounds, but oguyirri
T, inthe Fa,Te,,Se, system [20, 21] on a much smaller length scale. With the suppression of long-

The temperature dependence of the magnetic spectrum hesnge order of structural modulations, long-range orlutal
motivated us to check for related changes in other progertie dering will also diminish. However, point-contact measure
We note that an x-ray scattering study of,keTey 43S 57 ments on both the 1:2:2 and 1:1 compounds have shown that
detected a transition to an orthorhombic phase on cooling beslectronic nematicity arising from orbital fluctuationsis#x
low 40 K. Although such a transition has not been detectedven above the structural transition temperature [29, Bk
in our Ni04 sample, x-ray diffraction measurements indicat indicates that even without long-range order, orbital €
an anomalous in-plane expansion for< 60 K. Similar be-  tions can still play an important role. The abnormal temper-
havior was observed in neutron diffraction measurements oditure dependence of the in-plane lattice parameters cauld b
Feiy,Te_,Se, for 0.1 < = < 0.2 (with z = 0.2 being related to a freezing of local orbital correlations. We segjg



4

where the spin fluctuations are incommensurate [38, 39, bot
in the normal and superconducting phases. Returning to the

itk IR % &0t analogy with electron-phonon coupling, strong interatdio
. . - can lead to a modification of the spectrum through a structura
3.810 % N % n phase transition, as occurs [40] in Mn at a temperature
4_% % %%’ above the superconductidy. In the present case, strong in-
2 gp00l % i S O ] _teractions appear necessary to cause the t_ransfc_)rmatbimn fr
© Th j 2 ]L =z incommensurate to commensurate magnetic excitations.
lf/ Tk %’ Strong spin correlation ne&@ rare needed for most elec-
3.808 |- % B 4%;, - % - % - tronic mechanisms of pairing [23, 41-44]. In such a scenario
I ”%’ the momentum of the repulsive spin excitations couples the
3.807 ‘ ‘ 5.99 nearly-nested hole and electron pockets, and in turn allows
o 20 60 90 a superconducting gap to develop on both sets of pockets,

T(K) though with opposite phases. Obviously, an incommensurate
spin correlation of a very different momentum (about a quar-
ter of the Brilloiun zone away) would seriously impair the de

FIG. 5. (Color online) Lattice parametess(red circle) and: (blue  yelopment of superconductivity in this kind of weak couglin

squares) measured on the Ni04 sample. scenario. More generally speaking, such a large change in
the momentum reflects a dramatic change ofdtt-range
spin/orbital correlation that hosts the supercondugtivit is

that the crossover we Observe\aBTc reflects such an orbital thus not Surprising that Superconductivity can be ent|my

freezing “transition” in the presence of disorder. sent within such a different correlation. On cooling, do the

On the other hand, Fermi surface topology is also believe@lectronic and magnetic correlations adjust themselvesto

to affect the magnetic response in the Fe-based superconduable the spin-fluctuation mechanism? If so, what are the ener

tors. Incommensurate magnetic response has been obsengstic tradeoffs associated with this transformation? Aand c

in a number of Fe-pnictide systems, and in some cases hasteractions strong enough to achieve this transformagad

been attributed to nesting between electron and hole Fernto effectively the same pairing mechanism as the one iden-

pockets [31, 32]. In the 1:1 compounds, the low Fermi enertified from a weak-coupling approach? We hope that these

gies [33] measured at both the electrep (= 10 =1 meV)  questions will be addressed by future investigations.

and hole pockets{ ~ 4+2.5 meV) mean that nesting effects ~ We thank Igor Zaliznyak for useful discussions. Work at

should be quite sensitive to temperature. It is notabledbat BNL is supported by the Office of Basic Energy Sciences,

observed changes in magnetic dispersion of the Ni04 sampld.S. Department of Energy under contract No. DE-AC02-

occur atl’ ~ ep/kp for the hole pockets measured for a Ni- 98CH10886. Work at Berkeley is supported by the same office

free sample [33]. Indeed, there are other signatures slgowirthrough contract No. DE-AC02-05CH11231. The research at

a change of electronic correlations in the 1:1 systems in th©®RNL was sponsored by the Scientific User Facilities Divi-

same temperature scale aroid. We find that Pallecchgt  sion, Office of Basic Energy Sciences, U. S. DOE.

al. [34] observed a systematic sign change in the thermoelec-

tric power for0 < x < 0.45 (with 0.45 being the maximum

x studied) at temperatures comparablettat of the incom-

mensurate to commensurate transition observed in our mea-

surements.The changes in the thermopower provide direct

evidence for modifications of the electronic density ofesat

close to the Fermi level. This is consistent with changes in

the optical conductivity of a sample with= 0.45 by Homes

et al.[35, 36]. Between room temperature and 100 K, there is

strong, frequency-independent damping of the condugtivit

By 18 K, a few degrees aboWe, the damping is reduced for

energies below 20 meV.

The degree of temperature-dependent transformation of the
magnetic spectrum is unusual among unconventional super-
conductors. For example, in superconducting YBa; O .
systems [4-6], the spin resonance develops at commensu-
rate wave-vectors below T while aboveT, the spectrum
of magnetic excitations broadens @ but does not show
any dramatic change in structure [37]. In superconducting
Lay_,.Sr,CuQy the spin resonance occurs at lower energies
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