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Magnetic resonant x-ray scattering experiments Hsan performed on a single crystal of
EuFeAs; at the Eu k absorption edge. The orientation of Eu magnetimemds was directly
determined: in the antiferromagnetic ordered pliasg lay parallel to the crystallographic a-
axis. In addition, non-resonant magnetic x-ray roegments indicate that Fe magnetic
moments are aligned along the same direction irspie density wave phase. As deduced by
temperature dependence of integrated intensitiesFe magnetic arrangement seems to be
insensitive to the onset of Eu AFM phase. Somedp#ons on the low temperature space

group are reported on the base of detected resogféatttions on forbidden Bragg positions.



1. INTRODUCTION

Very recently reported highclsuperconductivity in the electron/hole-dog&ieeAsO R=La-
Gd) (“11117") [1-3] andAFeAs, (A: Ca, Sr, Ba, and Eu) (“122") [4-7] families of o
pnictide compounds has been one of the most srikiiscoveries of the last years in
condensed matter physics. The structure of theproctide compounds is tetragonal at room
temperature I§/mmm), where the buffer layer oR-O/A atoms and the superconductivity
relevant Fe-As layer alternate along the c-axisiridoped parent compounds, a tetragonal to
orthorhombic structural transition takes placeoat temperatures. This transition is usually
accompanied by a concomitant antiferromagnetic roargeof small Fe moments, which has
been interpreted as due to spin density wave (SDWering of iron [8-11]. While the
mechanism of superconductivity in iron pnictidestil far from clear, it has been established
that the emergence of superconductivity and th@magsion of static magnetic ordering can
be effectively achieved via either electron or hibdging from suitable chemical substitutions
at the R/A or Fe sites [4,8,9]. Different from the case in raies, rather surprisingly,
superconductivity may coexist with the static magme in the underdoped regime of certain
iron pnictide compounds [12-15]. This highlightse ttmportance of the interplay between
superconductivity and magnetism.

EuFeAs; is the only known “122” compound containing magmedre earth ion in thA-site.
Therefore it is an ideal example to study the piter between the magnetism from Eu and
Fe, due to the presence of a large localized mmgmaiment of E&" ions (~7ug), which
orders below 1 ~ 19 K in a likely A-type antiferromagnetic (AFM}ructure, as suggested
from recent magnetic susceptibility and specificatheneasurements [16]. A structural
transition occurs at T~ 190 K lowering the symmetry from tetragonal twhorhombic
Fmmm(a=5.55 A, b=5.50 A and ¢=12.06 A at 10 K) [10]i.ckn this paper, reflections are
indexed using the orthorhombic notation. The changhe crystal structure is accompanied
by a SDW ordering of Fe spins. Bulk measuremenggest that the Fe magnetic moments
are aligned within the ab-plane [17]. In fact, #shbeen determined via neutron diffraction
that the Fe magnetic moments in both “1111” and2*lifon pnictide parent compounds are
aligned along the crystal a-axis [3,18].

In EuFeAs,, the determination of the magnetic structure afhbsublatttices via neutron

diffraction appears not trivial due to the preseofcEu, a strong neutron absorber.



Therefore, non-resonant (NRXS) and element-speadisonant x-ray scattering (RXS)
represents an appealing alternative to precisdbriakene the magnetic structure of Euks
[19].

The following analysis clearly indicates that euuop and iron magnetic moments are all
oriented parallel to the crystalaxis as shown in the top inset of Figure 1. Thepenature
dependence of relevant reflections supports aneictinere the onset of AFM ordering of Eu
ions at | barely affects the SDW on Fe, in agreement withvipus reports pointing to a
weak interaction between the two magnetic ordeamaters [20]. Finally, we report on the
observation of some reflections resonant at thelLguedge and forbidden in the low

temperature space group.

2. EXPERIMENTAL DETAILS

Large single crystals of Eufs, with typical dimensions & 4 x 1mnT were grown by the
flux method, with starting composition Eu:Fe:Asi8rthe ratio 1:2:2:19, where Sn was later
removed by centrifugation. Crystals were thorougttigracterized by chemical composition
analysis via EDAX, resistivity, magnetization angesific heat measurements (Fig.1) and
pre-oriented via x-ray Laue back reflection method.

Preliminary polarized neutron diffraction experirntemvere carried out on a ~50 mg single
crystal at DNS at FRM Il (Garching, Germany). Theutmon wavelength was chosen at 4.74
A. The spin-flip scattering of magnetic reflectiomgas measured with a guide field
perpendicular to theh( 0,1) and (0,k, 1) scattering planes as a function of temperatunés T
permitted to determine the magnetic propagatiorntoreof both Fe SDW and Eu AFM
structures as explained in the following.

X- ray scattering data were collected on ID20 bé&sendt ESRF (Grenoble, France) by using
both horizontalftincident light) and verticalo(incident light) diffraction configurations [21].
A cleaved sample with the c-axis direction nornaathite scattering surface was mounted in a
refrigerator having a base temperature of ~10 Ke &kaxis direction defines the azimuth
reference throughout the paper.

The beamline optics were optimized close to Bwahsorption edge (6.97 keV) for resonant
measurements and to 6.93 keV for non-resonant lmnéoth cases, the scattered beam

polarization was analyzed by means of a Cu (1I®)lsicrystal.

3. RESULTS AND DISCUSSION



Figure 2 shows reciprocal space contour maps measatr T<E (a) and R<T<Ts (b) by
neutron diffraction. (001) and (003) reflectiondsexonly at the lowest temperature. (103)
reflection is not allowed in the low temperaturethorhombic space group (Fmmm).
In figure 3, and by using the same experimentdirnpie, the temperature dependences of
some characteristic reflections are plotted.
In particular, (003) reflection is only present del Ty, while (103) appears belowsT
suggesting that Eu and Fe spins arrangements araatérized by (001) and (101) reciprocal
space vectors, respectively. An allowed Bragg ctifte, (004), is also shown as reference for
intensities evolution versus temperature.
In contrast to recently reported observations @nrédated compound EubRks; [22], in our
case reciprocal lattice investigation revealed retignorderings to be characterized by
commensurate propagation vectors.
Once the propagation vectors known, we decided xjulog x-ray magnetic scattering
technique for an easy determination of magnetic amdrdirection in the structure.
For Bragg forbidden reflections, x-ray atomic seattg factor can be written as

f=f"+if"+f (1)
where f and f” account for dispersive and absorptive scatterirecgsses, respectively,
dominating the signal close to absorption edgedeviihg for non-resonant magnetic one.
At 6.93 keV, sufficiently far from any resonancedar compound, onlymag is expected to
contribute. Moreover, at a temperature betwegmid Ts only Fe ions possess a long range
ordered magnetic moment. According to neutron itigaon, a x-ray intensity due to
magnetic scattering is then expected in reciprdattice position characterized by (101)
propagation vector. BelownTEuU ions order and a strong magnetic resonant Isayoand
6.97 keV should appear on reciprocal lattice pasitf (001) propagation vector. A series of
magnetic reflections belonging to these two farsilighere investigated. In the following we
concentrate our attention on a subset of each yarail the other reflections bringing
essentially the same information on the system.
A rocking curve of (109) magnetic reflection in A@sonant condition is shown in the top
right inset of Figure 4. Resonant signals are dtarzed by similar profiles. Now on, by
intensity of a reflection we mean the numerica¢gnation over a theta scan (rocking curve)
of detector counts divided by monitor ones. A lineatimation of the background is also

subtracted.



Figure 3 also shows x-rays temperature dependd¢ocagdirect comparison with neutrons. In
particular, we report (109) reflection off-resonanot element specific) and (009) on-
resonance (element specific) after correction liyneded beam heating. As expected, x-rays
data follow the neutron ones, highlighting the eotrattribution of the two reflections as due
to Fe and Eu magnetic ordering, respectively. Wiewe that the small residual discrepancies
with respect to neutron transition temperatureaataaffect our magnetic structure analysis.
Analogously to neutrons, (109) Fe magnetic reftecintensity does not change across T
probing the Fe order parameter to be insensititeéd=u one. This fact supports a picture of
two well decoupled magnetic substructures, in agesg with LSDA calculations [20].
Figure 4, shows an energy scan of the (109) magmetiection. The top left inset shows
intensity variation versus azimuth angle collectad 6.93 keV and 30 K (symbols).
Measurements were limited to the rotatedt polarization channel, where the signal-to-
noise ration is significantly better than in theratatedo—o’ one. To account for absorption
effects, azimuth experimental data are normalizethé permitted nuclear (2 0 10) reflection,
lying close in the reciprocal space. The same ctoe has been applied to (209) reflection
(see below).
The continuous line is a simulation performed bypsidering Fe moments aligned along the
a-axis, resulting in a structure factor [23, 24]

F. .(109)0 A+ cosg | 2)
where | is the azimuth angle and a constant factor determined by the experimental
geometry. Below § x-ray magnetic scattering indicates that Fe momang¢ aligned along
the crystallographic a-axis.
The existence of Eusledge (E ~ 6.975 keV) resonance, although it isral#ted to the
magnetic structure determination, deserves coreider
A long range ordering of Fe magnetic moments isetqd to polarize Eu 5d band, possibly
resulting in a non-zero resonant intensity foraetibons of suitable propagation vector, as
already shown in other systems [25]. Of coursénis ¢ase no signal is expected on the (019)
reciprocal lattice position, not corresponding ty a@etected magnetic propagation vector in
the compound. While no trace of non resonant sigved found at any of the inspected
azimuth values on (019), belows The reflection appears only in the rotated poédran
channel and in resonant conditions. In Figure 4ep®rt also the measured energy spectrum
of the (019) reflection for comparison. To explaive presence of this signal, a so-called

Templeton scattering or anisotropic tensor of sSpisio#ity (ATS) contribution has to be



considered [26]. However, belowsThe currently accepted space group is symmorphic,
preventing the existence of any ATS signal [27,. 28]}, in our opinion it is likely that the
Fmmmspace group has to be revised. Nevertheless, @fi®)019) resonant intensities are
extremely weak, comparable to the non-resonant etagrsignal from the Fe atoms.
Therefore, deviations from the proposed structiirany, should be very small and unlikely
detectable by conventional powder and single-chgtfraction techniques.
Now we turn our attention to the determination affiagnetic moments direction below. T
We decided to study the (209) magnetic reflectmratoid the domain problems afflicting
specular reflections (h=k=0).
Figure 5(a) shows the spectra of the (209) refyecin theo-n’ channel at 10 K in the vicinity
of the Eu s edge. The spectrum is characterized by a strasunesce centered at 6.973 keV,
i.e. about 2-3 eV beyond the Euy hbsorption edge (see fluorescence). At resonaxe,
expected, there is no component in the’ channel [29] while the rotated polarization
channel intensity is ~ 500 times stronger thamibre resonant signal reported in Figure 4.
In order to determine the orientation of Eu magnetoments below Jwe have performed
an azimuth angle scan of the (209) magnetic refiect
Following [29], resonant structure factors for {809) reflection in the rotated channel are

Fs .(209)0 A'+cosg ) (3)

Fr .(209)0 sing ) 4)
for Eu moments aligned parallel to the a- or b-aréspectively. A’ is a constant factor
analogous to A.
In the inset of Figure 5 measured resonant intemsitheo-n' channel as a function of the
azimuth angle is plotted together with the expedkalendences derived from (3) and (4). The
experimental data suggest that the Eu momentdsoreigned along the crystallographic a-
axis.
In order to independently confirm experimental evides derived from azimuth analysis of
the (209) reflection, below yTwe have measured resonant intensities of seveaghetic
peaks in both=1t and =0’ channels, at two different values of azimuth ang|
Fig. 5(b) shows the ratio of.} to I, for several magnetic reflections. Once again toeeh

with Eu magnetic moments aligned along the a-agitebdescribes experimental data.

4. CONCLUSIONS



In summary, magnetism of iron pnictides is stronghlated to their very interesting
conductive capabilities, as demonstrated by cdiogla between Fe SDW and
superconductivity in doped compounds. In this setiselarge magnetic moment on Eu is an
ideal testing probe for possible interplay of Ed @fe, As) magnetic orderings.

In this paper, we have presented a neutron and/ x¥wragnetic scattering study of the
magnetic structure of Eup&s,: our experimental data suggest the Eu moments &ligned
along the crystallographic a-axis in the A-type Alkilered phase. Moreover, we show that
Fe moments in the SDW phase are aligned parallehd¢oa-axis as well. We have also
observed that the onset of Eu magnetic ordering doé induce any noticeable change in Fe
magnetic substructure.

We also report on the existence of Eu resonancagealy at Fe magnetic propagation vector
and on (019) reflection. The origin of these signalstill not clear, possibly being related to

structural effects.
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Figure captions

Figure 1. Molar heat capacity of EufAs,; between 2 and 300 K. The structurag €190 K)
and magnetic (I = 19 K) transitions are indicated. The inset shdwesproposed magnetic
structure for this material for T <\T The magnetic propagation vector defining the pety
AFM arrangement of Eu moments at is (001) anddh&e is (101).

Figure 2. (Color online) Contour maps in the reegai space a-c plane at (a) T=10 K and (b)
T=40 K obtained by neutron scattering. Miller indexof nuclear (crystallographic) and

magnetic reflections are labeled in black and whéspectively.

Figure 3. (Color online) Temperature dependenceetdcted magnetic reflections collected
by x-rays and polarized neutron scattering. L&@9) at the main resonance (filled triangles)
and (109) at 6.930 keV (circles) aroung Neutron data collected on (003) reflection are
represented by open triangles. Right: (109) at@®l@8/ around ¥ (filled circles) by x-rays

compared to (103) (open circles) and (004) (crgsae<ollected by neutron scattering in a

wide T range from 2 to 220 K.

Figure 4. (Color online) Energy dependence of (1(@i#&d circles) and (019) (open circles)
reflections in theo-n’ polarization channel at 30 K. The measured azZinavolution of (109)

at 6.930 keV (triangles) is shown in the left in@ether with the calculated evolution (solid
line) for Fe moments oriented parallel to the alst-axis. The right inset shows a rocking

curve of the (109) reflection at the same energiar 170 deg.

Figure 5. (a) (Color online) Energy dependencehefotn’ channel of (209) reflection (filled
circles) at 10 K. Fluorescence is shown for congmari(crosses). The inset shows the
experimental azimuth behavior of the (209) reflacti(circles) compared to calculated
evolution in case of Eu moments along crystal aliqsline) or b- (dashed) axis. (b)
Experimental intensity ratio ,¢4/1,») for different resonant magnetic reflection asated to
Eu order (filled circles) compared to the theomdtizalues for Eu moments aligned along a-

(open circles) or b-axis (triangles). Reflectiorer@vcollected withp ~45> and~ 9C.
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