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Revealing the dual nature of magnetism in iron pnictides and iron chalcogenides using
X-ray emission spectroscopy
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We report a Fe KB x-ray emission spectroscopy study of local magnetic moments in various iron-based
superconductors in their paramagnetic phases. Local magnetic moments are found in all samples studied:
PrFeAsO, Ba(Fe,Co),As,, LiFeAs, Fe,.,(Te,Se), and A;Fe,Ses (where A = K, Rb, and Cs). The moment
size is independent of temperature or carrier concentration but varies significantly across different families.
Specifically, all iron pnictide samples have local moments of about 1 z/Fe, while FeTe and K,Fe,Ses families
have much larger local moments of ~2u z/Fe and ~3.3up/Fe, respectively. Our results illustrate the importance
of multiorbital physics in describing magnetism of these compounds.
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The duality of the local moment—itinerant electron in
magnetism has long been confounding researchers trying to
explain metallic ferromagnets such as Fe and Ni,' and
it is again at the center of debate regarding microscopic
understanding of magnetism in iron-based superconductors.*~
Various theoretical studies have approached magnetism in
these materials from the itinerant viewpoint. In particular,
density functional theory (DFT) predicted a spin-density-
wave-type magnetic order in La(O,_,F,)FeAs,'!? which
was later confirmed by neutron scattering experiments.'3
Despite this success, a fully itinerant description seems to
be insufficient. For example, DFT calculations consistently
overestimate the ordered magnetic moment of the parent
compounds of iron pnictides. The theoretical value of ~2up
(per Fe atom throughout this Rapid Communication)'# is
much larger than the ordered moment determined from
neutron diffraction experiments.’ Such a discrepancy has
been attributed to the magnetic frustration and fluctuation
effects from the local moment perspective.'>!® Perhaps more
pertinent to our discussion of the dual nature is the magnetic
behavior in the paramagnetic regime. In the purely itinerant
picture, the local magnetic moment would disappear above the
transition temperature in zero field (Pauli paramagnet), while
in the local picture (Curie paramagnet), local moments would
be fluctuating and pointing in random directions. Therefore,
the presence of local moments in the paramagnetic phase
would be a telltale sign of localized magnetism.

However, experimentally probing local magnetic moments
is challenging. The temperature dependence of spin suscep-
tibility measured with magnetometry or NMR typically is
strongly affected by the spin correlation, especially in iron
pnictides and chalcogenides, in which the magnetic interaction
energy scale is quite large.® Neutron scattering is useful and
has been used to detect local moments,'”'° but usually it is
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time consuming and requires a large quantity of sample. Here
we introduce x-ray emission spectroscopy (XES), which is a
bulk-sensitive method to detect the local magnetic moment of
Fe.?0->* This XES technique is widely used in earth sciences to
probe spin states of iron in minerals.?> A recent development
in quantitative analysis has made it possible to obtain local
magnetic moment information without detailed line-shape
analysis.?!

In this Rapid Communication, we report our comprehensive
XES investigation of magnetic moments in a number of iron
pnictides and iron chalcogenides: PrFeAsO, Ba(Fe,Co),As;,
LiFeAs, Fe;.,(Te,Se), and A,Fe;Ses (where A = K, Rb,
and Cs).>> We find that local moments are present at room
temperature in all samples studied. Furthermore, the size of the
local moments vary significantly among the samples studied,
ranging from 0.9 p in LiFeAs to 3.3 in K;Fe4Ses. This re-
sult suggests that the magnetism in iron-based superconductors
requires a description taking into account the local moment as
well as the Fermi surface nesting. The relative importance
of local moment versus itinerant magnetism depends on
the type of anions and the structural details. Specifically,
A,Fe4Ses is almost entirely described by local moments,
while the local moment size decreases for Fe;,(Te,Se) and
is greatly suppressed for the pnictides samples. However, the
variation of the magnetic moment size among the Fe pnictides
(111, 122, and 1111) is found to be very small. We also
discuss the possible origin of such a material dependence
in view of the recent theoretical study by Yin et al., in
which magnetic moments were discussed in relation to orbital
occupancy.’

XES was performed at the Advanced Photon Source on the
undulator beamline 9ID-B. The beam was monochromatized
by a double-bounce Si(111) crystal and a Si(311) channel-cut
secondary crystal. A spherical (1 m radius) diced Ge(620)

©2011 American Physical Society


http://dx.doi.org/10.1103/PhysRevB.84.100509

H. GRETARSSON et al.

Ba(Fe l7)(C()X)2Asz

2

Fe?" il : ©
I
3d % — |
g :
3 : !
p $ }AE £
2 |
., 8 :
KB, KB & |
b :

0 \ .
7030 7060 7030 7060
Energy (eV) Energy (eV)

FIG. 1. (Color online) (a) Schematic diagram of the Fe Kj
emission process in the atomic limit for Fe?*. The spin of the 3 p core-
hole in the final state interacts with the net magnetic moment it in the
3d valence shell, creating two different final states KS; 3 and KB’ with
opposite core-hole spins, separated in energy by A E. (b) KB emission
line for Fe; |, Te taken above and below Ty = 58. The splitting, AE,
between KB, ; and KB’ is caused by the local magnetic moment.
(c) KB emission line for BaFe, As, for different Co doping.

analyzer was used to obtain an overall energy resolution of
0.4 eV (FWHM of the elastic line). The energy calibration
was based on the absorption spectrum through a thin Fe foil,
and incident x-ray energy of 7.140 keV was used. Use of such
hard x-rays ensures that the spectra are not surface sensitive.
Details of the growths and characterization of the single-crystal
samples have been reported in earlier publications.?6-30 All
measurements were carried out at room temperature, except for
the temperature-dependence study, for which a closed-cycle
cryostat was used.

The local moment sensitivity of the KB emission line
(3p— 1s) originates from a large overlap between the 3p
and 3d orbitals. In Fig. 1(a) we show a schematic diagram
of the process for Fe?* in the atomic limit. The KB emission
process has a core-hole in the final state (3 p°) which interacts
strongly with the 3d% valence electrons, affecting the possible
final-state configurations of the K8 spectra.?'3? In particular,
such exchange interactions are mainly driven by the presence
of a net magnetic moment in the 3d valence shell, resulting
in final states with antiparallel or parallel net spins between
the 3 p° core-hole and 3d° valence shell, as shown in Fig. 1(a).
Since the 3 p-3d interaction is local, this method is not sensitive
to the long-range order but only probes the local magnetic
moment. The two main multiplet features can be recognized
in the KB emission line as the main peak KgB;3 and the
low-energy satellite KB, respectively. An example of such
a splitting in the KB emission line for Fe, j,Te is seen in Fig.
1(b), in which the splitting between the two features, AE, was
found to be ~13.25 eV. The size of this splitting depends on
the local moment,®' but actually extracting the satellite peak
position from fitting is quite difficult for a system with a weak
moment [see Fig. 1(c)]. Bondino et al. used a similar splitting
seen in the 3s-core-level photoemission spectra to obtain a
local moment of about 115 in CeFeAsOg goFo 11.%>
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Recently, a quantitative method based on the integration of
the spectral weight difference has been suggested as a way
to determine the local moment.?! Since both the intensity
of the satellite and the splitting AE are related to the 3d
local moment,?! this integrative method utilizes the whole
spectrum and not just the peak position. The method has been
successfully used in a number of applications.”””>* In order
to quantitatively derive the total local moment from the K8
line using the integrated absolute difference (IAD) analysis,
one needs to have a reference sample with the same local
coordination around Fe, but with Fe ion in the nonmagnetic
low-spin (LS) state. The IAD is then the integrated absolute
difference between the spectrum measured and the nonmag-
netic reference spectra. Vanko et al.>' showed that the IAD
is linearly proportional to the spin magentic moment of the
Fe atom. For this purpose, we use FeCrAs as a nonmagnetic
reference sample. The Fe atoms in FeCrAs are tetrahedrally
coordinated with As, as is found in Fe superconductors.
Although FeCrAs orders magnetically, both experimental®*
and theoretical®® studies have shown that the magnetism
entirely resides on the Cr sites, and Fe is nonmagnetic. In
order to determine the absolute scale of the magnetic moment,
we use the value for the Fe-chalcogenide K,FesSes. Since
this is an insulating sample, we assume that the local moment
size is the same as the ordered magnetic moment at room
temperature; both neutron scattering®® and DFT calculation’’
results agree on the value of the ordered magnetic moment
of 3.3up.

In Fig. 2 we show representative KB XES data for (a)
LiFeAs, (b) PrFeAsO, (c) Fe; gsTe, and (d) K;Fe4sSes along
with the FeCrAs spectrum. To follow the procedure from
Ref. 21, the area underneath each spectrum was normalized
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FIG. 2. (Color online) The XES spectra of the Fe Kf emission
lines for (a) LiFeAs, (b) PrFeAsO, (c) Fe; o5 Te, and (d) K,FesSes. The
nonmagnetic reference spectra of FeCrAs and the difference spectra
are also plotted. Note that the difference spectrum for both LiFeAs
and PrFeAsO were magnified by a factor of 2.

100509-2



REVEALING THE DUAL NATURE OF MAGNETISMIN . ..

0.25
[)
N %) S E’}’i 33
‘g
=}
S 0.15 =
=
g L B SEEEEEE 20 2
A ol
< ---- }—E—I ————————————— T
0‘05777§ 777777777777777777 0.9
R e e e 0.0 (NM)
2 29%Zde8 By oo
2o 2 %ha s
0 EF 0 g S
~mee 5 & M=
1 =
m

FIG. 3. (Color online) The IAD values derived from the XES
spectra for various samples. The room-temperature data are shown in
circles, and the low-temperature IAD values at 7 = 15 K are shown
in triangles for Fe, 1, Te and Rb,Fe,Ses. On the right-hand side is the
local magnetic moment () scale.

to unity. The reference spectrum is then subtracted from the
sample spectrum, and the resulting difference is plotted. The
IAD quantity is extracted by integrating the absolute value
of this difference spectrum. What is evident from Fig. 2
is that the intensity of KB’ changes quite a bit going from
PrFeAsO to K;Fe;Ses. In addition we see a shift of the main
KB, 3 peak position toward higher energy as KB’ increases
in intensity, providing further evidence of the local moment
variation.?!

The IAD values so obtained for all the samples are plotted in
Fig. 3. On the right-hand side of the figure is the local moment
scale determined from the K,Fe;Ses ordered moment.>® The
moment sizes roughly falls within three groups. All AFe;Se,
samples have approximately the same moment size close to
3.3up, while the local moment size for all Fe(Te,Se) samples
is around 2. 5. Both of these values are close to the respective
ordered moment size but are much larger than the values for
Fe pnictides, which carry local moments of about 14 5. This
latter value is quite similar to the ordered moment reported
for BaFe,As, (0.9 ug)3® but much larger than the values for
PrFeAsO and LiFeAs. The ordered moment size for PrEeAsO
is 0.35u 5 (Ref. 39) and LiFeAs does not order magnetically;
isostructural NaFeAs has an ordered moment of 0.09.5.%
Our results of the local moments in Fe pnictides are also larger
than that reported in Mossbauer spectroscopy studies (e.g., an
ordered moment of ~0.3u was found for PrFeAsO*!). Since
the moment size determined from the XES is the local moment
in the paramagnetic phase, it differs from the long-range
ordered moment seen with neutron scattering or Mossbauer
spectroscopy.

We also studied the temperature and carrier doping de-
pendence of the local moment size or lack thereof. In
Fig. 1(b), we show XES spectra for Fe;j;Te obtained
at two different temperatures above and below the mag-
netic ordering transition (7y ~ 58 K). In Fig. 1(c), the
Ba(Feg.915C0g.085)2As, XES spectrum is compared with that
of undoped BaFe,As, compound. The magnetic order is
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suppressed in the Ba(Fe915C00.085)2As, sample, which is
superconducting with 7. &~ 17 K. The lack of any change in
both figures indicates that the local moment size is insensitive
to the presence of long-range order or carrier concentration.
A similar conclusion can be reached from additional tem-
perature and doping dependence studies for Rb,Fe,Ses and
FeTe3Sep 7 (included in Fig. 3). This is in contrast to recent
neutron scattering results, in which increased moment size
in the paramagnetic phase of Fe, ;Te was observed.!® In the
case of Rb,FesSes the lack of change above and below the
superconducting 7, = 30 K is in a agreement with neutron
scattering experiments,® in which a large local moment
(~3.3ug) was found to exist in the superconducting phase,
although this could be due to a phase separation as suggested
in recent studies.*>**

Summarizing our experimental findings, we have found
local magnetic moments in the paramagnetic phase of all Fe
pnictides and chalcogenides samples. In addition, the local
moment size only depends on which anion the sample has
and is insensitive to doping and temperature. In particular,
we find that the local moment size varies very little among
the three ferropnictides families, despite widely different
ordered moment size. In their recent dynamical mean field
theory (DMFT) calculation combined with DFT, Yin et al.
found that the paramagnetic fluctuating local moment was
rather sample independent among the 111, 1111, and 122
families of iron pnictides,9 which is consistent with our
experimental observation. However, the fluctuating local
moment from the calculation (~2.4up) is still larger than
the observed lup for ferropnictides, implying that there
exist “missing” magnetic moments. We speculate that XES
is weighted such that local electrons are emphasized while
more itinerant electrons are not properly counted, due to the
local nature of the core-hole potential. It has been theoretically
suggested that different orbitals might have different degrees of
localization.®?

On the other hand, the calculated fluctuating moment size
of the 11 iron chalcogenides agrees fairly well with our XES
value (~2ug). In addition, the local moment size was found
to be similar in both FeTe and FeSe, even though the long-
range order is lost in FeSe. These results are in agreement
with our results in Fig. 3 in which no difference was seen in
the IAD values for Fe; »Te, Fe; osTe, and FeTeg3Seq7. Yin
and co-workers suggested that the structural details of the
Fe-pnictogen/chalcogen tetrahedra are crucial in determining
the orbital occupancy and the quasiparticle mass enhancement,
which in turn determines the magnetic moment.’? In particular,
the large Te ions make this system structurally distinct from
ferropnictides.

In conclusion, we find that PrFeAsO, Ba(Fe,Co),As,,
LiFeAs, Fe.,(Te,Se), and A,FesSes (where A = Cs, K, and
Rb) all possess local magnetic moments even in their param-
agnetic phases. By analyzing our x-ray emission spectroscopy
data using arecently developed integrated absolute difference
method, we could determine the local moment size for each
sample. The local moment sizes of iron chalcogenides agree
with the theoretical calculation values and experimentally
measured static moment sizes. However, the local moment
size of ferropnictides is universally around 1 g, which could
originate from the more localized 1, electrons. Our results
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perhaps suggest that it is the 7,, local moment that orders in
ferropnictides, eliminating the need for Fermi-surface nesting,
as argued in a recent theoretical study.*
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