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The spin fluctuation spectra from nonsuperconducting Qst#uted, and superconducting Co-substituted,
BaFeAs, are compared quantitatively by inelastic neutron scaigemeasurements and are found to be indis-
tinguishable. Whereas diffraction studies show the ages of incommensurate spin-density wave order in
Co and Ni substituted samples, the magnetic phase diagna@ufsubstitution does not display incommensu-
rate order, demonstrating that simple electron countirsgtan rigid-band concepts is invalid. These results,
supported by theoretical calculations, suggest that gutishal impurity effects in the Fe plane play a signifi-
cant role in controlling magnetism and the appearance arsopductivity, with Cu distinguished by enhanced
impurity scattering and split-band behavior.

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

The role of chemical substitution and its effects on strucfect, and thermoelectric power (TEP) measurements with
ture, magnetism and superconductivity have become centrabncentration.[22] The rigid-band model has also been used
issues in studies of the iron-pnictide superconducterd][1 successfully to model the suppression of the AFM transition
This is particularly true for transition-metal{) substitution  temperature and ordered moment in Ba(E&Co,).As, for
on Fe sites, resulting, nominally, in electron doping of the“underdoped” samples.[17] Nevertheless, this approagh no
FeAs layers. When low concentrations of Co,[5, 6] Ni,[7, 8] faces strong challenges from recent theoretical and experi
Rh,[9, 10] Pt[11] and Pd[9, 10] replace Fe, the structuraimental studies.[23—25] Further comparative studies of\Co,
transition temperaturéls) and the antiferromagnetic (AFM) and Cu substitutions are needed and may provide clues regard
transition temperatureél{y) are both suppressed to lower val- ing both the nature of unconventional superconductivitpa
ues and split withl’s > Tv.[5-7, 9, 12—-14] When the struc- iron pnictides and clarify the effects af substitutions.

tural and magnetic transitions are suppressed to suffigient Because a strong link between superconductivity and spin

low temperatures, superconductivity emerges befovand fluctuations in iron pnictides is generally acknowledggd,[

coexists with antiferromagnetism over some range of con: o T
centration. Moreover, for Co, Rh and Ni substitutions in3’ 4] it is important to establish first whether there are any

BaFeAs,, neutron difffaction measurements manifest a dis_dn‘ferences between the spin fluctuation spectra between su

. . . . perconducting (e.g., Co) and nonsuperconducting (e.g)., Cu
tinct suppression of the magnetic order parameter in thersup : : :

; : ) . substituted samples. Here we report on single crystalsnela
conducting regiméT’ < T.), which clearly indicates compe-

tition between AFM order and superconductivity.[13-17] tic scattering measurements of the spin fluctuation speétra
P Y- Co and Cu substituted samples, with similar suppressions of

Cu substitution in BaFAs,, in contrast, suppresses the the magnetic and structural ordering temperatures relaiv
magnetic and structural transitions, but does not suppothe parent BaFgAs, compound. We show that there are no
superconductivity[2, 8] except, perhaps, below 2 K over aguantitative differences in the normal state spin fluctrati
very narrow range in composition.[18] This dichotomy be- spectra. Therefore, we must search elsewhere for eviddnce o
tween Co and Ni substitutions and that of Cu is also realdifferences between Co/Ni and Cu substitutions in relation
ized in quaternary fluoroarsenides.[19] However, for Co/Cuheir superconducting properties. To this end, we perfdrme
co-substitutions in Bak&\s,, at a fixed non-superconducting single crystal neutron diffraction measurements of the-mag
Co concentration, the addition of Cu firgromotes and  netic ordering in Ba(Fe . M, )2As, with M either Ni or Cu.
then suppresses 7..[18] It has been suggested that previ- Observations of incommensurate spin-density-wave onder,
ously neglected impurity effects play an important role inparticular, are a very sensitive probe of the nature of Fermi
this behavior.[8, 20] The effects of impurity scatteringe ar surface nesting in the iron pnictides and, therefore, may be
also neglected in a simple rigid-band picture fof sub- used to study impurity effects as a function of thé dop-
stitutions, which, at least for Co substitution in BaRe;, ing. We find that, like the Co-substituted compound,[26] Ni
seems to adequately account for the evolution of anglesubstitution also manifests incommensurate (IC) AFM order
resolved photoemission spectroscopy (ARPES)[21], Hall efover a narrow range af at approximately half of the crit-



ical concentration for IC order in Co. However, the AFM o (meV)
ordering for Cu substitution remains commensurate (C) up 0 2 4 6 8 10 12 14
to z ~ 0.044, where AFM order is absent, demonstrating A150 (‘ )‘ A T
that a rigid-band view is not appropriate. We propose that % = 25(|1<0 1)
the absence of incommensurability and superconductivity f 3 490 | Do i # # *
Ba(Feg _,Cu,)2As, arises from enhanced impurity scattering i‘% | A Aﬁ* ﬂlAi + +++
associated with Cu, consistent with the behaviofpiwith =~

. 3 ] Ba(Fe )As
Cu substitution in Ba(Re ,—,C0,Cu,)2AS,. 5 50 ¢ . 0972 o020z

Single crystals of Ba(Re . M,.)2As, with M = Co, Niand g“ */3“ Ba(Fe, 5,C0, i7),AS, |

Cu were grown out of a FeAs self-flux using the hightempera- < '
ture solution growth technique described in Ref. 8 and 18. Us —
ing wavelength-dispersive spectroscopy, the combindibsta 80
tical and systematic error on thdd composition is not greater 40
than 5%. Inelastic neutron scattering experiments were per 0

formed on the HB3 spectrometer at the High-Flux Isotope Re- 120
actor at Oak Ridge National Laboratory at a fixed final energy
of 14.7 meV. The data here are described in terms of the or-
thorhombic indexingQ = (228 22K 21L) ‘whereq > b ~ 5.6
Aandc ~ 13 A. Samples were aligned in the orthorhom-
bic (H0L) plane and mounted in a closed-cycle refrigerator
for low-temperature studies. Diffraction measurementsewe
done on the TRIAX triple-axis spectrometer at the Univgrsit
of Missouri Research Reactor employing an incident neutron 0
energy of14.7 meV. Samples were studied in the vicinity of

(arb. units)

1"(Q,») (arb. units)

60
Qapy = (1 03)inthe {( K 3¢) plane, allowing a search for
incommensurability along thie axis ([0 K 0], transverse di- 30 |-
rection) as found for Ba(ke . C0,)2AS,.[26] 0 |

The inelastic neutron scattering spectra were measured for
single-crystals of underdoped Ba(kg3C0y.047)2AS: and
Ba(Fe&).972CUy.028)2AS2. These two samples were chosen
because they have similar tetragonal-orthorhombic ttiansi  F|G. 1. (Color online) Inelastic neutron scattering frore tho and
temperaturesi[s(Co) = 63 K,Ts(Cu) = 73 K] and AFM tran-  Cu substituted samples. (a) Normalized dynamic magneticeqs
sition temperaturesl[y(Co) = 47 K, T (Cu) = 64 K], which tibility at 25 K determined from constai@- E-scans at the (1 0 1)
are comparably suppressed relative to the parent Besze magnetic Bragg point. (b)-(ip-scans at several fixed v_alues _of the
compound Ty ~ Ts = 140 K]. Bulk transport measure- energy loss. The feature at (1.3 0 1) results from spurioatesing
ments show a superconducting transition for the Co substnOt related to spin excitations.
tuted sample at 17 K, whereas no superconducting transition
is observed in the Cu substituted sample down to 2 K. The
Co(Cu) sample consisted of 9(2) co-aligned crystals weighstituted samples are indistinguishable. Beldw the spec-
ing a total of 1.88(1.52) grams and a total mosaic width oftrum of the Co substituted sample manifests a magnetic reso-
1.5°(0.6°) full-width-at-half-maximum (FWHM). nance feature above 4 meV (not shown here) in the supercon-

Figure 1 compares the inelastic magnetic scattering fronslucting state as observed previously by many groups.[1, 27]
the Co and Cu substituted samples measuretl at25 K.  However, the dynamic susceptibility for the nonsupercatdu
The data are plotted in terms of the dynamic magnetic sugg Cu substituted sample is temperature independent down
ceptibility, x”(Q,w) = [[(Q,w) — C(Q,w)](1 — e~ M«/kT) 10 5 K. The close §im_i|arity of the normal state susceptibil-
wherel (Q, w) is the raw neutron intensity a@(Q, w) is the ity for single substitutions of Co and Cu show that we must
nonmagnetic background determined from averaged inelado0k beyond the spin fluctuation spectra to understand the ab
tic scattering at positions well away from the magnetic algn Sence of superconductivity in Ba(fe, Cu,)2As;, motivating
[e.9.Q =(0.79 0 1.72) and (0.72 0 1.88)]. The data for these? closer look at the effects aff substitutions upon magnetism
samples were normalized to each other using measuremendfsBaFeAs; .
of several transverse phonon peaks, and this was found to beWe have shown previously that IC-AFM order is found in
consistent with the ratio of the masses of the two samples. Ba(Fg_,Co,)2As; for x > 0.056, providing a measure of

The constan® energy scan measured@hry = (1 0 1)  the effect of Co substitution on the Fermi surface. Co substi
[Fig. 1(a)] as well as the constaht-Q-scans along the [1 0 tution detunes the electron- and hole-like Fermi surf&Hs[

0] and [0 0 1] directions [Figs. 1(b)-(i)] show that the nofma and eventually results in a mismatch that favors IC-AFM or-
state (abovel.) dynamic susceptibility for Co and Cu sub- der. This suggests that Fermi surface nesting is a crucitdifa
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= < I= = FIG. 3. (Color online) Trends in the FWHM and maximum ordered
5| moment forM substitution. (a) Evolution of the FWHM of the mag-
420 netic peaks vs. concentration. The solid(open) circlesessmt the
0.029 — FWHM of the C-AFM(IC-AFM) peaks. (b) Measured ordered mo-
] ment derived from the integrated intensity of the magnetiagg
0 A 0 peaks as a function of the extra electron count, assumirigGbha

donates 1, Ni 2, and Cu 3, extra-electrons todtmnd. The data for
Ba(Fe -.Ca.)2As; are taken from references 17 and 26.

FIG. 2. (Color online) Scattering near the (1 0 3) magnetiaggr

point for Ba(Fe_.M,)2As:, where M is (a) Ni and (b) Cu. (c) ; _ ; afes
Temperature dependence of the scattering near the (1 0 3)atiag ﬁgft:tr]gn?h?sng;fc\:a\?ig:/v states in B » may shed further

Bragg point for Ba(F@os3Nio.037)2AS2. Intensities are normalized ) o ) o
by mass of the samples to facilitate comparisons. Linestarfthe There is a significant broadening of the IC magnetic diffrac-
data, as described in the text. tion peaks as compared to the C magnetic peaks indicating a

much reduced magnetic correlation length~( 60 A), again
consistent with the broadening found for the Co substituted
in stabilizing both C and IC phases in the magnetic phase dissamples.[26] The peak widths obtained from these fits are
gram of theAFe,As, (A = Ba, Sr, Ca) compounds.[26] givenin Fig. 3(a) and show that the C component remains res-
Figures 2(a) and (b) show the loW-scattering for trans- olution limited, whereas the IC peaks are more thaimes
verse (0K 0) scans through the (1 0 3) magnetic Bragg pointbroader. Recent measurements on Ni-substituted samples by
for several Ni and Cu compositions. For Ba{FgNi,.)2Ass, Luo et al.[28] are consistent with our results. The temperature
a transition from a C-AFM order for < 0.035 (with res-  dependence of the transverse/{0) scans through the mag-
olution limited magnetic Bragg peaks) to IC-AFM order for netic scattering for superconducting Ba{lg;Nip.037)2AS:
2 > 0.035 is clearly demonstrated by the symmetric pair ofis illustrated in Fig. 2(c). The integrated intensity of the
peaks at (B¢ 3). Forz > 0.037, no long-range AFM order magnetic scattering increases beldy, reaches a maximum
was observed. The lines in Fig. 2(a) are fits to the data usat the superconducting transition temperatufg),(and de-
ing a single Gaussian far = 0.029, a convoluted Gaussian creases monotonically beloii. as observed previously for
+ Lorentzian line shape far = 0.031, three Gaussians for Co substituted samples,[15-17, 26] demonstrating, at&in,
z = 0.035 (to account for the presence of the dominant IC andnagnetic order competes with superconductivity. The posi-
residual C components), and two Gaussiansifer 0.037.  tions and widths of the IC magnetic peaks appear to be tem-
The detailed description of the IC structure based on these fiperature independent within the resolution of our measure-
is very similar for Co and Ni substitution. The incommensu-ment.

rability, e, derived from fits to these data wa$)33 + 0.003 In striking contrast to the data for Co samples[26] and here
reciprocal lattice units (r.l.u.), close to the value found e for Ni, Figure 2(b) shows no evidence of a C-to-IC transi-
for Co samples.[26] tion versuse for Ba(Fg _,Cu,)2As,. Instead, the C magnetic

These data show that, as previously observed for Co substBragg peak is well described by a single Lorentzian lineshap
tution, Ni substitution results in an abrupt change from C tothat broadens strongly far > 0.039 [see Figs. 2(b) and 3(a)],
IC AFM order atr, = 0.035+0.002. The ratio & 0.6) ofthis ~ and no AFM long-range order is found for> 0.044. To fur-
critical concentration ta;. = 0.056 for Co[26], is consistent ther emphasize the differences between Co, Ni and Cu sub-
with Ni donating roughly twice the number of electrons as Co.stitutions, Fig. 3(b) displays the maximum ordered magneti
As discussed previously for Co substitutions, the abrgst-tr moment (aff’. for Co and Ni substitution and at our base tem-
sition between C and IC magnetic structures is similar totwhaperature, 5 K for Cu substitution) as a function of extra €lec
has been observed for dilute substitutions of Mn or Ru in thdéron count under the oft-used assumption that Co, Ni, and Cu
canonical spin-density-wave (SDW) system, Cr.[26] Dethil donate 1, 2, and 3, respectively, to thbands. The maximum
theoretical studies of the nesting and free energy of the-conordered moment was estimated from the integrated intensity
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andholes at a fixed solute concentrations for Co (6%) and Ni
----- 3.00% (3%) [red and green lines] compared to the "rigid-band” ex
(@) pectation from the parent compound at a fixed Fe (0.06).
These solute concentrations are close to the respectifa
the observed C to IC magnetic ordering, and a rigid-band
treatment [vertical dashed lines in Figs. 4(b) and (c)] mes
N an estimate foe of ~ 0.021, similar to that observed in our
6 5 4 3 E-E-rz(e\l) -1 0 1 2 measurements. As solute contentincreases, the elequtem(h
surfaces expand(contract) and the spectral broadeningpdue
& 00k electrons holes chemical disorder is evident. Due to commbhand behavior
p—rc ®) o for Co and Ni, spectral peaks for the electrons clearly mimic
rigid-band expectations at fixed / Fe, but the holes less so.

In contrast, with a split Cui-band, rigid-band concepts
are rendered invalid. States well belal= (due to hy-
bridization and band-filling) and af'» contribute to the to-
tal susceptibility.[34, 36—38] As a stronger scatterentka,

043 044 045 016 047 04 041 042 043 0.44 0.5 Co, or Ni, ~1% Cu (rather than 2% Cu assuming a +3 va-
Xtowsrds T (2rie) Ztowards X {2rie) lence) acts like 6% Co or 3% Ni in terms of broadening of

the spectral features. Most importantly, the hole states ar

especially sensitive to the Cu content, with a rapid lossiof i

and 2% Cu (the Fe DOS changes negligibly with): and Bloch tensity and increased disorder broadening evident, asrshow

spectral functionsA(k; Er), along specifid-directions versus at. 0f UP t0 4% Cu for comparison with our experiments. The
% M for (b) e|ectrons’ and (C) holes. Insels:direction of the cut ConV0|utI0n Of the e|eCtr0n- and hOle-llke Fermi SurfaC‘ES |
acrosselectron (centered afX) andhole (centered af) states. Peak dramatically diminished and, therefore, so is the impetus f
locations of electron/hole states are compared to thed+tigind”  incommensurability.[34]
expectations (vertical dashed lines) from parent compauirfiked We propose that the absence of IC-AFM order in
e~ /Feandthree at. % Cu values. Ba(Fg _,Cu,).As; arises from enhanced impurity scattering
effects associated with the stronger potential for Cu. The
small incommensurability measured for Co and Ni substi-
of the magnetic Bragg peaks using the C magnetic structurgited BaFeAs, requires relatively sharp and well-defined fea-
factor normalized by the mass of the samples, as describagres in the Fermi surface topology. Disorder due to impurit
previously.[17] Under the stated assumption, Co and Ni ackcattering introduces spectral broadening in both enendy a
similarly to suppress the moment over a range dfiat mim-  momentum to the extent that the magnetic structure remains
ics a rigid-band picture. This is clearly not the case for Cuc rather than IC for Cu. This is in substantial agreement
substitution (although rescaling the electron countbydtfi-a  ith recent work by Berlijnet al.,[39] for Zn substitutions
tional factor of two would move the results on top of Co andin BaFgAs,.
Ni). Nevertheless, the IC magnetic order found for Niand Co  Finally, we note that such impurity effects are expected to
substitutions in this regime is not found for Cu substittio  jmpact superconductivity in the iron pnictides as well. Es-
To further elucidate the differences between Co/Ni and Cisential elements of the under-doped regions of the phase di-
substitution in BaFgAs, we employed the Korringa-Kohn- agram for electron-doped Baf#s, are captured by consid-
Rostoker method using the Coherent-Potential Approximaering both inter- and intra-band impurity scattering.[20]
tion (KKR-CPA) to address the effects of substitution on theAlthough impurity scattering introduced by/ substitution
density of states (DOS), and solute disorder (impurity}-sca causes pair breaking and suppresEgst can be even more
tering on the Fermi surfaces [i.e., the Bloch spectral fiamst  damaging for spin-density wave ordering so tifiat is sup-
A(k; Er) at the Fermi energyr].[29-31] First, Figure 4(a) pressed more rapidly, allowing superconductivity to erserg
shows that thé-band partial DOS of Co and Ni are common- at finite substitution levels. Interestingly, the phenooieg-
band-like (e.g. overlap with the Febands), whereas Cu ex- ical model by Fernandes al.[20] indicates that the behavior
hibits split-band behavior with itg-states located-4 eV be-  of 7. for st pairing is a non-monotonic function of impurity
low Er. Only s-p states participate dr and, therefore, Cu concentration, depending on the strength of the impurity po
behaves almost as a +1p valence with very different scat- tential and the ratio of the intra-banH to inter-band [,.)
tering behavior from Co and Ni. We note that these results argmpurity scattering, which may vary strongly between Co and
consistent with ordered DFT calculations at laigi2 3] Cu. Indeed, they find a range #f— whereT. first increases
For nesting-driven ordering,[32-35] the convolution be-and then decreases with impurity concentration, very aimil
tween the electron- and hole-like Fermi surfaces dictage thto that observed for Co/Cu co-substitutions in Bak® .
location of peaks in the susceptibility.[32] Figures 4(bda This work was supported by the U.S. Department of Energy
(c) illustrate the behavior of the Fermi-surfaces émctrons  (DOE), Office of Basic Energy Sciences (OBES), Division of
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FIG. 4. (Color online) For Ba(Re M, )2As2, the KKR-CPA (a)
site-projected DOS versus — Er at 6% Co, 3% Ni (fixed™ / Fe),
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