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Neutron diffraction measurements have been carried out to investigate the magnetic form factor of the parent
SrFe2As2 system of the iron-based superconductors. The general feature is that the form factor is approxi-
mately isotropic in wave vector, indicating that multiple d orbitals of the iron atoms are occupied as expected
based on band theory. Inversion of the diffraction data suggests that there is some elongation of the spin density
toward the As atoms. We have also extended the diffraction measurements to investigate a possible jump in the
c-axis lattice parameter at the structural phase transition but find no detectable change within the experimental
uncertainties.
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I. INTRODUCTION

The nature of the magnetic moment and the spin configu-
ration of the long-range antiferromagnetic order in the iron-
based pnictide superconductor class of materials is a topic of
great current interest. Antiferromagnetic order develops at or
just below a structural distortion that breaks the tetragonal
symmetry.1 In the distorted a-b plane the spins align antipar-
allel along the longer a-axis while they align parallel along
the b axis. Hence the distortion plays an essential role in the
magnetic structure since this magnetic configuration does not
have tetragonal symmetry, and a number of theories suggest
that the mechanism of the structural distortion is
magnetic.2–4 We have carried out quantitative measurements
of the magnetic Bragg intensities for SrFe2As2 to determine
the magnetic form factor, which is directly related to the
magnetization density in the unit cell of the crystal through
Fourier inversion. We find that the dominant spin density
resides on the iron as expected and is approximately isotro-
pic indicating that multiple d orbitals are occupied.4 This
approximate isotropy strongly contrasts with other S= 1

2 mag-
nets such as for the undoped cuprate superconductors
systems5 as well as K2IrCl6,6 where the form factor is highly
anisotropic and has orbital bonding character. In the present
system there also is some modest anisotropy, and this ap-
pears to originate from iron-arsenic bonding.

II. EXPERIMENTAL PROCEDURES

Neutron diffraction measurements were carried out to
study the structural transition and magnetic order in this ma-
terial. Data were collected on the BT-9 triple-axis spectrom-
eter at the NIST Center for Neutron Research. The neutron
energies were fixed through the use of pyrolytic graphite
�PG� �002� monochromator and analyzer. Measurements of
the magnetic form factor were carried out at 14.7 meV, and
also with 35 meV to access more reflections and to evaluate
the possible role of extinction, which was found not to be a
problem. Relatively relaxed Söller collimations of

40�-23�-S-40�-120� full width at half maximum �FWHM�
were employed. To determine the variation of the c-axis lat-
tice parameter through the structural phase transition, tight
Söller collimations of 10�-10�-S-10�-80� FWHM were uti-
lized at a neutron energy of 14.7 meV. PG filters were placed
both before and after the sample to suppress higher order
wavelengths to negligible levels. The single crystal measured
was the same one used in a previous study, with orthorhom-
bic lattice parameters a�b�5.57 Å and c�12.29 Å.7

Magnetic reflections were measured in the �H ,0 ,L� zone in a
helium cryostat. Uncertainties where indicated are statistical
in origin and represent one standard deviation.

III. FORM FACTOR RESULTS AND DISCUSSION

The canonical equation for the differential cross section
describing the coherent elastic scattering of neutrons from
magnetically ordered crystals in the ground state is given
by6,8,9
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where NM is the number of magnetic unit cells in the crystal
and VM is the volume of the magnetic unit cell. For a simple
collinear magnetic structure the vector magnetic structure
factor F� M is related to the scalar magnetic structure factor by

�F� M�G��2 = ���0e2
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where the neutron-electron coupling constant in parenthesis

is −0.27	10−14 m, Ĝ and M̂ are unit vectors in the direction
of the reciprocal-lattice vector G� and the spin direction, re-
spectively, and the scalar structure factor is
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Here 
�j� is the thermal average of the ordered magnetic
moment of the jth atom in the unit cell, rj is the position of
the jth atom in the magnetic unit cell, f j�Q� � is the scalar
magnetic form factor of the jth atom in the cell, and the sum
j ranges over all atoms in the unit cell. The �scalar� magnetic
form factor is the quantity of direct interest here, and is the
Fourier transform of the magnetization density associated
with each atom.

In an earlier work we determined the magnetic structure
and order parameter of SrFe2As2, which consists of antipar-
allel Fe spins along the a and c directions and parallel spins
along b, with the spin direction along a.7 The effects of crys-
tallographic twinning are also discussed in that work. Here
we take this spin arrangement as a starting point and extract
the magnetic form factor. The results, based on fits to the
integrated intensities measured at base temperature �4 K� of
13 independent magnetic reflections �indexed on the basis of
the orthorhombic cell�, are shown in Fig. 1. The solid curve
represents the tabulated isotropic form factor for metallic
Fe,10 and the general overall agreement with the measure-
ments indicates that the magnetization density is isotropic to
a good approximation. Note in particular that reflections of
predominately �0,0,L� character �represented by circles in
Fig. 1� and those of �H,0,0� character �represented by
squares� both follow a similar curve, indicating that the form
factor is approximately isotropic. This behavior is in stark
contrast to what was found in other S= 1

2 systems such as the
high-TC cuprate family5 and K2IrCl6,6 where the magnetic
form factor originates from a single type of orbital that ren-
ders them highly directional.

Further perspective of the spatial distribution of the mag-
netization density can be gained through a real-space repre-
sentation via direct Fourier inversion of the form factor, if

sufficient experimental data are taken. Our data, which ex-
tend to higher Q than other measurements of the form
factor,19 allow for such a reconstruction. In measurements of
neutron intensities we only determine the magnitude of the
structure factor, not its phase. In the present case the struc-
ture factors are real since we have a centrosymmetric struc-
ture, and we assign the sign of the structure factor based on
our previously determined spin structure. The results of the
Fourier inversion are shown in Fig. 2�a�. As our data were
obtained in the �H,0,L� zone, we obtain the projection of the
magnetization density along the b axis of the crystal. In the
figure, we overlay the density plot with the atomic structure.
The two gray �color� levels represent positive and negative
magnetizations and show that we recover the antiferromag-
netic structure of our original model. However, we notice
that there are relatively long tails of the magnetization den-
sity which suggest hybridization along the a axis with the As
atoms above and below the plane containing the Fe atoms in
this projection.

One question to address is whether sufficient data have
been measured to obtain a reliable magnetization density. To
test the reliability of the inversion and possible effects of
peaks that were not obtained experimentally, we calculated
form factor values, including K�0 �out-of-scattering-plane�
reflections as well as higher Q reflections. The calculated
values were based on the known magnetic structure and an
assumed spherical Fe form factor. Then this extended set of
form factor data was Fourier inverted. Figure 2�b� shows a
cut of the real-space a-c plane that contains the Fe, which
can be directly compared with the projection in Fig. 2�a�. We
see that the magnetization densities in the two plots are quite
similar, demonstrating that the features obtained from the
actual data are robust against termination effects and the ab-
sence of K�0 data.

An alternative to the direct Fourier inversion of the data to
obtain the magnetization density is to carry out a maximum
entropy11 reconstruction of the moment density. The basic
idea behind maximum entropy is that there may be a number
of possible moment densities that fit the form factor data
equally well within the experimental uncertainties. Thus to
obtain a representative moment density, the strategy is to
search for moment densities which maximize entropy, while
constrained to minimize the fit to the data. This technique
picks the most likely magnetization density consistent with
the data. While there are many different algorithms for ob-
taining the maximum entropy solution, we used a program
called ALGENCAN �see Ref. 12� to treat the maximum entropy
reconstruction as a constrained optimization problem. The
results of the maximum entropy approach are shown in Fig.
2�c�. Here, we find the same type of anisotropy in the mo-
ment density, although not as pronounced as in the direct
Fourier reconstruction. Note that in Fig. 2 the maximum
magnetizations have been normalized to be the same in each
part so that in Fig. 2�c� the magnetization density falls off
more quickly than in Figs. 2�a� and 2�b�. We remark that the
results in Fig. 2�c� are consistent with those obtained using
the PRIMA maximum entropy program,13 and note that both
reconstructions suggest that the Fe magnetization density
tends to be elongated toward the As atoms. In all reconstruc-
tions, we also note that there is a modulation of the moment
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FIG. 1. �Color online� Measurement of the square of the mag-
netic form factor as a function of Q=4� sin�
� /�. Circles denote
reflections which are predominantly along �0,0,L�. Squares repre-
sent reflections which are predominantly along �H,0,0�. The solid
curve shows the form factor of metallic iron �Ref. 4�. Error bars are
statistical in nature and represent one standard deviation.
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along the nonelongated direction, which may also be an in-
dication of bonding. It would be particularly interesting to
determine if these features can be reproduced theoretically.

In general an electron in a solid has a wave function of the
form u�r�eik·r, where u�r� must be compatible with the sym-
metry of the lattice but basically looks like an atomic wave
function, s , p ,d, etc. It should be noted that the shape of the
wave function is unrelated to whether the electrons are local-

ized or itinerant, and therefore a determination of the mag-
netic form factor does not address that question; itineracy is
determined by whether or not the band crosses the Fermi
surface. For the cuprates the single d electron hole has eg
symmetry, x2-y2, which is quite anisotropic and so makes the
magnetic form factor anisotropic.5 Moreover, the in-plane
nearest-neighbor spins are aligned antiparallel, and therefore
any net spin transferred onto the intervening oxygen ion can-
cels to first order, so that the effects of bonding are difficult
to detect in magnetic form factor measurements. For K2IrCl6,
on the other hand, the single electron on the Ir occupies a
linear combination of t2g orbitals, which again yields a quite
anisotropic form factor.6 It also gives rise to a noncollinear
�atomic� spin density and separation of the charge and spin
degrees of freedom. This latter property is amplified by the
bonding to the Cl ions, where charge is transferred to all six
Cl ions in the IrCl6 complex but spin is transferred only to
the two Cl ions that reside along the spin direction. This spin
transfer onto the Cl is not cancelled by neighboring spins
since the Cl are not shared, rendering the overall form factor
highly anisotropic. This highly anisotropic behavior contrasts
with the present iron-based superconductors, where band
theory shows that all five d-bands are occupied and cross the
Fermi energy. Therefore the magnetic electrons are itinerant
in character, with a multiorbital description that is expected
to yield a magnetic form factor that is much closer to isotro-
pic �as observed�. Note in particular that if the d bands have
equal occupancies then the form factor has spherical symme-
try. In the iron-based systems, however, any spin transferred
to the As ion along the b-direction does not cancel since
neighboring spins are parallel, making it easier to see these
bonding effects. We also note that the in-plane exchange in-
teractions are dramatically different along the a versus the b
axis,14–16 which should be related to the anisotropy of the
projected spin-density distribution that has been determined
here.

IV. STRUCTURAL PHASE TRANSITION

In the previous investigation of the structural phase tran-
sition, which breaks the high-temperature tetragonal symme-
try in going to the low-temperature orthorhombic structure,
the in-plane structure was characterized in detail.7 The struc-
tural transition occurs rather abruptly, with the long-range
antiferromagnetic order developing at the same
temperature.7,17 The shift in the diffraction peaks related to
the structural distortion in the a-b plane were found to be
symmetric, in that one crystal axis �a� increased while the
other �b� decreased by the same amount. Thus there was no
change in the area of the a-b plane. More recent studies in
other systems18 have found that the splitting can occur asym-
metrically, concomitant with an abrupt change in the c-axis
as well. Since the behavior of the c-axis lattice parameter
through the transition was not determined in that study, we
carried out high-resolution measurements of the �0,0,4�
structural Bragg reflection to investigate whether there is any
significant change in the c axis for SrFe2As2 in going
through the phase transition. Figure 3 shows radial �
 :2
�
scans through this reflection, which provide a direct determi-
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FIG. 2. �Color online� �a� Fourier inversion of the experimental
form factor, yielding the projection of the magnetization density
onto the a-c plane of the crystal structure. The different �red and
blue� shaded regions with the arrows reversed indicate the oppo-
sitely directed magnetization of the antiferromagnetic structure.
Note the elongation of the density along the Fe-As bond, indicated
for the As ions above �small red circles� for one spin direction and
below �large blue circles� the Fe plane for the other spin direction.
�b� Magnetization density in the Fe plane obtained from the simu-
lated data, where higher Q as well as K�0 reflections have been
calculated and included in the inversion. The similarity of the two
plots demonstrates that the features obtained from the actual data
are robust against termination effects and the absence of K�0 data.
�c� Maximum entropy reconstruction of the magnetization density,
which also yields the same basic magnetization density. For all
plots, the densities have been normalized.
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nation of the c-axis lattice parameter. The horizontal �black�
line indicates the temperature of the structural phase transi-
tion. The intensity of the reflection is indicated by the shad-
ing, and the inset shows an expanded view of the tempera-
ture variation of the position of the reflection. There is some
modest change in the intensity of the reflection and a smooth
variation of the lattice parameter, but we clearly see that

there is no abrupt change in the c-axis lattice parameter
through the transition, in contrast to what is seen in
Ca�Fe-Ni�2As2.18 Combined with the previous results for the
a-b plane,7 we see that there is no detectable change in the
volume of the unit cell for SrFe2As2 through the structural/
magnetic phase transition.

V. CONCLUSIONS

In summary, we have measured the magnetic form factor
in SrFe2As2, and found it to be approximately isotropic and
in reasonable agreement with the form factor of metallic Fe.
This behavior is consistent with electron occupancy of all
five d orbitals as expected from band theory calculations.
Both Fourier inversion of the data and maximum entropy
reconstructions suggest an elongation of the moment densi-
ties in the direction of As atoms, indicative of Fe-As bond-
ing. We have also investigated the behavior of the c axis
through the structural phase transition, and found no signifi-
cant anomaly as a function of temperature. This structural
behavior differs from that observed in Ca�Fe-Ni�2As2, which
exhibits an asymmetry in the in-plane distortion and an
abrupt c-axis anomaly.
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