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Antiferromagnetic ordering in the absence of a structural distortion in Ba(Fe,_.Mn,),As,
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Neutron and x-ray diffraction studies of Ba(FeMn,)2As; for low doping concentrationsz(< 0.176)
reveal that at a critical concentration, 0.162x < 0.118, the tetragonal-to-orthorhombic transition alsupt
disappears whereas magnetic ordering with a propagatictorvef (% % 1) persists. Among all of the iron
arsenides this observation is unique to Mn-doping, and peebed because all models for "stripe-like” anti-
ferromagnetic order anticipate an attendant orthorhordisitortion due to magnetoelastic effects. We discuss
these observations and their consequences in terms obpsestudies of Ba(ke 7'M ;)2AS; compounds
(T M = Transition Metal), and models for magnetic ordering initba arsenide compounds.

PACS numbers: 74.70.Xa, 75.25.-j, 74.25.Dw

Recent systematic neutron and x-ray diffraction studiesype "checkerboard-type” structure as found for Bas,2°
of underdoped Ba(Re . Co,).As, superconductors have re- and proposed for BaGAs,.2® Given the strong coupling be-
vealed fascinating results regarding the interactionsrgmo tween structure, magnetism and superconductivity already
structure, magnetism and superconductivity. The undopethblished for the iron arsenides, such differences in mégne
AEFe,As, parent compoundAE = Ba, Sr, Ca) manifest si- and structural behavior in hole-doped materials demaed-att
multaneous transitions from a high-temperature parantagne tion.
tetragonal phase to a low-temperature orthorhombic ardife  Here we report on neutron and x-ray diffraction studies, to-
magnetic (AFM) structuré=> Upon doping with Co for Fe in  gether with resistance measurements, of Ba(F#in,)»As,
Ba(Fa . Co,)2As, both the structural (af's) and AFM or-  for low doping concentrationsz(< 0.176). We find that
dering (atl'v) are suppressed to lower temperatures and splitwithin a critical concentration range, 0.102 = < 0.118,
with T slightly higher tharily 2-# Neutron and x-ray stud- the tetragonal-to-orthorhombic transition abruptly gisears
ies have Clearly established that both the magnetiC Orglerinwh"e magnetic Ordering with a propagation vector éf%
and orthorhombic distortion are sensitive to supercoriduct 1) persists a|ong with Changes in the temperature evolofion
ity throughout the Ba(Re .Co,)2As; series’* Ata given  the AFM ordering. The presence of stripe-like” AFM order
Co-composition, as the sample temperature is reduced beloyy the absence of the orthorhombic distortion is unantieiga
the superconducting transition (&f), there is a clear suppres- and holds important consequences for models of magnetic or-
sion of the magnetic order parameter, and reentrance igto thyering in the iron arsenides.
paramagnetic phase is observed for a Co-doping concemtrati Single crystals of Ba(Re ,Mn,):As, (0 < = < 0.176)

of = 0.059: Similarly, the magnitude of the orthorhombic e e grown out of a FeAs self-flux using conventional high-
lattice distortion decreases beldy and reentrance into the temperature solution growfi® Each sample was measured
tetragonal structure was observed for 0.063:* This strik- 5 erween 10 and 20 positions using wavelength dispersive
ing behavior for Ba(Fe-,C0,)2As: has been related to the gheq05copy (WDS) to determine the Mn-doping composi-
strong coupling between superconductivity and magnetsm ion, 2, with an uncertainty of %. All samples used for the
well as an unusual magnetoelastic coupling that arises fror‘ﬂeu:cro'n and x-ray measurements exhibited small mosaicitie
emergent nematic order in the iron arsenitfe&’ The sepa- g g2 fyl.width-at-half-maximum [FWHM]) measured by
ration of 7'y and Ty and suppression of the magnetic order, ., rqcking scans, demonstrating excellent sample tyuali
parameter beIO\ﬂ}lQave been confllrmed for electrl(;n-doped Temperature-dependent AC electrical resistance datal6
Ba(Fa-.Rh;)2As,= and Ba(Fe-.Ni.).As; as well Hz, I = 3 mA) were collected in a Quantum Design Mag-
In strong contrast to what is found for the electron-dopedhetic Properties Measurement System using a LR700 resis-
AEFegAs, compounds, hole doping on the Fe site through theance bridge. In Fig.l1l we show the resistance data (solid
introduction of C#8:1° and Mr?%2! has, so far, failed to pro- symbols) normalized to their room temperature values, and
duce superconducting samples for any doping level, althougthe their temperature derivatives (open symbols) for aerepr
superconductivity is realized by hole-doping through thie-s  sentative subset of three compositions; 0.074, 0.102 and
stitution of K for the AE 2223 This indicates that the number 0.118. A sharp anomaly, characteristic of all samples:fer
of additional electrons (or holes) is not the sole contnglli 0.074 is found at approximately 80 K far= 0.074, which
factor for superconductivity. Furthermore, unlike thepigs-  broadens and shifts to lower temperature for 0.102 and
sion and eventual elimination of magnetic ordering with in-then to higher temperature far = 0.118. If we associate
creasingr found for electron-doped compounds, recent neuthese features with magnetic and/or structural transifiés
tron studies of Ba(Re ,Cr,)2Asy2* indicate that, forz > the non-monotonic behavior of the characteristic tempeeat
0.30, the "stripe-like” AFM structure is replaced by the G- is highly unusual for the iron arsenides. Only a single featu
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is observed in the derivative curve indicating that the nedign

and structural transitions are likely coincident in tengtere, gin (££10) §in (££10)
and superconductivity is absent in all samplesfor 2 K.

High-resolution, single-crystal x-ray diffraction meast  F|G. 2: Neutron diffraction rocking scans through thgq 1/2 3)
ments were performed on a four-circle diffractometer usingnagnetic Bragg peak above (open squares) and below (filled ci
Cu K, radiation from a rotating anode x-ray source, se-cles) the AFM transition for (a) Ba(lb&9sMno.102)2As2 and (b)
lected by a germanium (1 1 1) monochromator. The diffracBa(F&.ss2Mno.11s)2Asz. Panels (c) and (d) show scans along the
tion data were obtained between room temperature and 6 K§. &, 0) direction through the (1 1 10) charge reflection aboveifop
the base temperature of the closed-cycle displex refn-gerasquares) and belo.w.(fllled circles) the AFM transition fozdh sam-
tor. Neutron diffraction measurements were performed en th ples. Note the splitting for the = 0.102 sample and its absence for
HB1A diffractometer at the High Flux Isotope Reactor at Oak” ~ 0.118.

Ridge National Laboratory. The experimental configuration

was 48'- 40'- 40’-136’ with fixed incident neutron energy of

14.7 meV, and two pyrolytic graphite filters for the elimiivat

of higher harmonics in the incident beam. Fig.[2(c) and (d)]. For samples with < 0.074 [Fig.[3(a)],

The principa| results of our Scattering studies are summawe observe well defined AFM and structural transitions that
rized in Figs[® anf3 for a representative subset of the conrire, within our resolution, coincident in temperature. Fer
positions,z = 0.074, 0.102 and 0.118. The neutron diffraction0.102 [Fig[3(b)], a weak "tail” of magnetic scattering extis
data in Figsi2(a) and (b) show the magnetic Bragg peag at (to temperatures above th_e_strl_JcturaI transition and;c_fgr
% 3) (using indices referenced to the high-temperaturegetra 0.118, the structural transition is absent .(th.e sample irsna
nal unit cell) for bothz = 0.102 and: = 0.118, consistent with  t€tragonal down to ft least = 6.4 K" within our resolu-
the "stripe-like” AFM order found for the iron arsenide com- tion ford of 1 x 107%) and the temperature evolution of the
pounds. However, the x-ray data in Figk. 2(c) and (d) demon®FM order is quite different from what is observed for=
strate that the orthorhombic distortion, evident from thlits ~ 0-074. Forz > 0.118, a distinct broadening of the magnetic
ting of the (1 1 10) charge peak for the= 0.102 composition, peak beyond the resolution of our measurement is o_bserved
was not observed far = 0.118. Figur&3 displays the temper- for temperatures abovE*, as defined below and in the insets
ature evolution of the magnetic order, measured by neutrof Figs{3(b) and (c).
diffraction, and the orthorhombic distortion, measuredxby In Fig.[4(a) we have used the neutron, x-ray and resis-
ray diffraction, for these same compositions. The integgtat tance data to construct a phase diagram in the low Mn-doping
intensity of the magnetic scattering (filled circles) wasame regime for Ba(Fe_,.Mn,).As,. The phase line between the
sured at theg % 3) magnetic Bragg position as the sample paramagnetic/tetragonal and AFM/orthorhombic phase:for
angle was scanned [see Figs. 2(a) and (b)]. The orthorhombig 0.074 was easily determined from the well-defined onset of
distortion, §, was calculated from the splitting of peaks ob- the distortion and the appearance of a resolution limiteg-ma
served in £ £ 0)-scans through the (1 1 10) Bragg peak [seenetic Bragg peak at%( % 3). Forxz > 0.102, however, the
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Ba(Fa _.Mn.)2As, determined from neutron and x-ray diffraction
measurements. Closed circles deriBteand open circles represent
FIG. 3: (Color online) Temperature dependence of the iategr 1~ as described in the text. Crosses denote the temperature cor
intensities of the § 1 3) magnetic Bragg peak (filled circles) and résponding to minima ofi found in Fig.[1. The shaded region
the orthorhombic distortion (open circles) measured af(the 10) ~ denotes the extent of the magnetic scattering atigve The verti-
charge peak positions for (a)= 0.074, (b)z = 0.102 and (c)r =  ¢@l dashed line marks the approximate composition for tlzmgé

0.118. The insets to each panel show the temperature depnde ~ from an orthorhombic to tetragonal structure. (b)The mestsmag-
the broadening of thel( 1 3) magnetic peak and the definition of netic moment and structural distortion as a functlon of Mpidg.
T The dashed line represents the value of the magnetic moreefrep

atom rather than Fe/Mn site as a function of Mn-doping.

onset of long-range magne'gic order is more_di.fficult to iden-netic Bragg peak at%(% 3) in the absence of an orthorhombic
tify. Therefore, we have defined a characteristic tempegatu gistortion, a surprising observation that will be discusbe-
T, which denotes the temperature below which the width ofjy,,. Finally we note that the magnetic moment per Fe/Mn
the magnetic peak is limited by our instrumental resolutionsjie as well as the magnitude of the structural distortiany va
(approximately 0.3 FWHM). We note that the values af*  gpjy weakly with composition for: < 0.102 whereas, for
follow the same trend seen for the maximagf in Fig.[I. o substitution, the suppression of the magnetic momat an
The gray band in the phase diagram represents theltempe@tructural distortion with doping is much more severe.

ture range, abové™, where magnetic scattering 3 6 3) Itis also useful to compare these results to what has rgcent
persists [See Figkl 3(b) and (c)]. been found for Ba(Re_, Cr,)2As,.2* At much higher Cr con-

In Fig.[4(b) we plot the measured structural distortion andcentrations,z > 0.30, Ref.| 24 reports that the "stripe-like”
the magnetic moment per Fe/Mn site, extrapolate@'te 0  magnetic structure is replaced by G-type, "checkerboard,”
as described in our previous wotkas a function of doping magnetic order as shown by polarized and unpolarized neu-
concentration. Several interesting comparisons can bemadron diffraction measurements of the integrated intensfty
between these results and previous x-ray and neutron scdte (1 0 1) Bragg peak (Fig. 3 in Refl24). G-type AFM or-
tering studies of Ba(Re ,Co,).As,.”2=1?First, we note that der has been proposed for the parent B&Ss compounck®
our data for Ba(Fe_.Mn,).As, for 2 < 0.074 unambigu- and measured for BaMAs;,2° so it is not unreasonable to
ously show that the structural and magnetic transition@amem expect this change in magnetic structure at high enough Cr-,
locked together, unlike the separation of the structural anor Mn-, doping. However, our unpolarized neutron diffrac-
AFM transitions found for Co-doping. Furthermore,sat= tion measurements of the (1 0 1) peaks for the highest Mn
0.102, we find a broadened magnetic peal%aﬁ B)abovethe  concentrationsg = 0.147 andz = 0.176, find no evidence
structural transition and, far > 0.118, we observe the mag- of G-type ordering belowl” = 300 K. More specifically, we
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find no significant change in the (1 0 1) peak between 12 K The change in the temperature dependence of the magnetic
and 300 K. We can not exclude G-type ordering that developpeak points to a strong perturbation of the magnetic orderin
well above room temperature given the high ordering temperperhaps through disorder effects associated with thedotro
ature of the parent compougeput view this as unlikely in  tion of the more localized Mn moments. Furthermore, the
light of the substantial dilution of Mn in our samples. For abruptness of this change with composition (over a narrow
both Cr- and Mn-doping, the moment per Fe-site remainsange ofAz < 2%) offers the intriguing possibility that the
constant (Cr), or decreases only weakly (Mn) with increasimagnetic structure of Ba(fke,Mn;)sAs, is modified forz
ing concentration up te ~ 0.20. Indeed, as the dashed line > 0.102. In recent theoretical work, Eremin and ChubéRov
in Fig.[4(b) shows, the decrease in the measured moment fint out that a generic spin configuration for the magnetic
consistent with the decreasing Fe concentration implyhiagy t iron layers has the formA,e'Q R 4 A,e'Q'R whereA,
the Mn moment does not contribute to the magnetic AFM or-and A, correspond to two order parameters for ordering at
der characterized by th% (% 1) propagation vector. Further- wavevectorQd; = (0,7) andQs = (w,0), respectively, in
more, for Mn-doping we find an increase in the characteristi¢the unfolded Brillouin zone. The observed "stripe-like” gra
temperature™) associated with magnetic ordering with this netic structure occurs whefA; = 0 andA, || Q. How-
propagation vector far > 0.102, whereas for Cr-doping, the ever, when they consider a coupling between the second hole
ordering temperature for this propagation vector contiroe pocket at thel point with the elliptical electron pocket at
decrease until the transition is completely suppressed=at (0, 7), a two-Q structure with botlA; # 0andA, # 0
0.335 where the G-type AFM structure is obser¢®dll of can emerge. FaA; L Ay and|A;| = |Ayl, this twoQ
this points to interesting differences in the phase diagrbea  structure does not break the tetragonal symmetry and,-there
tween Ba(Fe_,Mn,)2As; and Ba(Fe_,Cr,).Ass. fore, does not yield an orthorhombic distortion of the tadfi
The observation of a magnetic structure characterized by eonsistent with our results. Because of the presence of mag-
propagation vector of%(% 1) in the absence of an orthorhom- netic domains in the tetragonal phase, magnetic peaksédor th
bic distortion (forz > 0.102) is very surprising and unique "stripe-like” and twoQ AFM structures can not be distin-
to Ba(Fg_,Mn,)2As, among the iron arsenides; models guished.
for "stripe-like” AFM order in the iron arsenides anticipat
an attendant orthorhombic distortion due to magnetoelasti We acknowledge valuable discussions with J. Schmalian
effects?=14 Furthermore, this observation is difficult to rec- and R. M. Fernandes. This work was supported by the Di-
oncile with current theories that promote orbital ordeffif§  vision of Materials Sciences and Engineering, Office of Basi
as the driving force for the "stripe-like” magnetic phaselan Energy Sciences, U.S. Department of Energy. Ames Labora-
the orthorhombic distortion. A second key result of thigdgtu tory is operated for the U.S. Department of Energy by lowa
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